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Abstract:
This thesis investigates new phenomena that arise when light is strongly coupled to an interacting
atomic gas. For this, a new apparatus has been built which allows to create ultracold and dense
atomic samples and to detect individual atoms in high-lying atomic states, so-called Rydberg atoms.
Strong light-matter coupling is achieved using the collective coupling of the atomic cloud to the light
field under conditions of electromagnetically induced transparency (EIT). In experiments on EIT
involving non-interacting Rydberg states, we characterize the light-matter coupling and demonstrate
the first combined optical and matter based probing of EIT. By coupling to strongly-interacting
Rydberg states, we investigate the effect of interactions which we observe as a strong nonlinear optical
response of the atomic gas as well as in the emergence of strong correlations between the hybrid quasi-
particles associated with the strong light-matter coupling. We employ the nonlinear response of the
atomic cloud to image Rydberg atoms immersed in the atomic cloud. In a theoretical proposal, we
show that this novel imaging technique allows to investigate many-body Rydberg states with single
particle sensitivity. Using the proposed imaging method, we demonstrate imaging of small numbers
of Rydberg atoms with high time-resolution in single shot experiments. In experiments exploiting
the dipolar exchange interaction between Rydberg atoms, we employ the new imaging technique to
follow dipole-mediated transport of Rydberg excitations through the cloud. The transport dynamics
is determined by the continuous spatial projection of the electronic quantum state under observation
and features an emergent spatial scale of micrometer size induced by Rydberg-Rydberg interactions.
Zusammenfassung:
Diese Doktorarbeit untersucht die starke Kopplung von Licht an wechselwirkende atomare Gase.
Hierfür wurde eine neue Apparatur aufgebaut, die es uns ermöglicht ultrakalte atomare Gase mit
hohen Dichten zu erzeugen und einzelne Atome in hoch angeregten elektronischen Zuständen, so
genannte Rydbergatome, zu detektieren. In den Experimenten werden die Atome und das Licht-
feld mittels elektromagnetisch induzierter Transparenz (EIT) stark gekoppelt. In Untersuchungen
mit nicht wechselwirkenden Rydbergzuständen wird die Licht-Materie-Kopplung charakterisiert und
erstmals sowohl der Licht- als auch der Materiefreiheitsgrad des gekoppelten Systems analysiert. In
Experimenten mit stark wechselwirkenden Rydbergzuständen, wird der Einfluss der Wechselwirkung
auf EIT untersucht. Als Folge der Wechselwirkung werden ein stark nichtlineares optisches Verhal-
ten des atomaren Gases und Korrelationen zwischen den hybriden Quasiteilchen beobachtet. Unter
Verwendung der optischen Nichtlinearität des atomaren Gases wird ein neues Verfahren vorgestellt,
welches uns ermöglicht Rydbergatome in dichten ultrakalten Gasen optisch sichtbar zu machen. In
theoretischen Untersuchungen wird gezeigt, dass die neue Abbildungsmethode es erlaubt Vielteilchen-
zustände von Rydbergatomen auf der Ebene einzelner Rydbergatome zu untersuchen. Anschließend
werden in ersten Experimenten Verteilungen mit wenigen Rydbergatomen ortsaufgelöst und mit ho-
her Zeitauflösung nachgewiesen. Abschließend wird die Abbildungsmethode zur Untersuchung von
dipolaren Transportphenomänen in Rydberggasen verwendet. Die experimentellen Ergebnisse zeigen,
dass die Transportdynamik entscheidend durch die ständige Projektion des elektronischen Zustands
während der Messung beeinflusst wird. Zusätzlich besitzt die Transportdynamik aufgrund der Abbil-
dungsmethode eine charakteristische Längenskala in der Größenordnung einiger Mikrometer, die die
Transporteigenschaften entscheidend modifiziert.
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1 Introduction
The interaction between light and matter is one of the fundamental processes in na-
ture and is ubiquitous therein. It is responsible for everyday phenomena like the re-
fraction of light and plays an important role in many processes such as black-body
radiation or photosynthesis. Hence, a lot of what we know today about nature and
its constituents is intimately connected with our understanding of how light and mat-
ter interact. For instance, the investigation of light emitted by highly excited atoms
by Johannes Rydberg and others [Ryd90], the black-body radiation laws discovered by
Planck [Pla01] and the explanation of the photoelectric effect by Albert Einstein [Ein05]
were milestones in the development of quantum mechanics. Our insight into the inter-
play of light and matter sets the basis for modern technologies with the invention of
the laser [Mai60, Tow10] and liquid crystals [Fré27] as just two widely spread examples.
To understand and control atom-light interactions at the level of individual quanta is
at the heart of modern quantum optics [Har89]. Our ability to control and manipulate
single photons or single matter excitations and their interplay is constantly improving
(see e.g. Nobel prize in physics in 2012 [Har12]) and ultimately might enable future
technologies such as quantum networks [Rit12, Per13] or large-scale universal quantum
simulators [Blo12, Sch13a].
Of particular interest to current experiments is the regime of strong coupling between
light and matter. In this regime, the coherent and reversible light-matter coupling
dominates over dissipative processes and as a consequence, light and matter can no
longer be regarded as separate entities. This mixing of light and matter gives rise to
fascinating phenomena. For instance, it allows to transfer the quantum state of the light
field in a controlled fashion onto the atoms and vice versa. One approach to achieve
strong light-matter coupling is to enhance the effect of the light field using optical
resonators as pursued in cavity quantum electrodynamics [Kim98]. In a cavity a photon
interacts many times with an atom, resulting in an enhanced light-matter coupling.
An alternative route involves the propagation of light through optically thick media
consisting of many atoms which gives rise to a similar enhancement [Ham10]. In this
case, one obstacle is to overcome spontaneous emission which introduces decoherence
and typically accompanies the atom-light interaction.
An almost ideal light-matter interface can be realized using electromagnetically in-
duced transparency (EIT) in which spontaneous emission can be eliminated while main-
taining strong coupling to the light field [Fle05]. In EIT the presence of an additional
strong light field renders an otherwise strongly absorbing medium transparent to a
weak probe field acting like an optical switch. To illustrate the strong light-matter
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coupling, we consider a single probe photon impinging on an atomic cloud as depicted
in Fig. 1.1 (a). As the photon enters the cloud, the strong light-matter coupling par-
tially converts the photon into a collective atomic excitation and forms a hybrid state
of light and matter characterized by the appearance of a quasi-particle called dark-
state polariton. The transformation into a dark-state polariton happens coherently,
meaning that the conversion is loss free and the photon is fully recovered upon leaving
the atomic cloud. While travelling through the cloud, the photon acquires a matter
component and consequently inherits the properties of the atomic system, offering the
fascinating possibility to manipulate light. For instance, this has been employed to
slow down light [Hau99], to imprint magnetic moments onto the light field [Kar06] or
to make photons sensitive to electric fields realizing giant Kerr-effects [Moh08]. These
remarkable effects can be understood on the level of single (quasi-)particles.
We ask the question what happens when light is coupled to a strongly interacting
atomic many-body system? With the unprecedented access and control over micro-
scopic degrees of freedom of atoms possible these days, the research focus has shifted
from exploring weakly interacting ultracold quantum gases to the creation and manip-
ulation of strongly correlated atomic systems [Blo08]. Recently, it has become possible
to investigate effects of strong electric dipole-dipole interactions using atoms in highly
excited Rydberg states. Due to their huge size these atoms have exaggerated prop-
erties [Gal05]. For example, Rydberg atoms exhibit large dipole moments and show
enormous long range electric dipole-dipole interactions [Gal08, Saf10]. In addition, the
nature and strength of these interactions can be controlled by the choice of states and
by external electric fields. When exciting atoms to Rydberg states with coherent light
fields, the interactions give rise to strong atomic correlations and lead to many-body
phenomena such as the Rydberg blockade [Luk01], in which it is possible to excite only
a single Rydberg atom within a certain volume. As each blockade volume collectively
shares a single excitation, also the interaction with the light field is modified and all
the atoms within a blockade volume act as an effective two-level atom with enhanced
coupling to the light field [Rob05, Gae09, Hei07]. Lately, interfacing Rydberg atoms
with the light field using EIT has become possible and first experiments have demon-
strated strong light-matter coupling involving Rydberg states [Moh07, Pri10].
In this thesis, we investigate strong light-matter coupling using EIT in ultracold atomic
gases coupled to Rydberg states. With the potential to detect both the light and mat-
ter parts of the coupled light-matter system, this system enables unprecedented studies
of strong light-matter coupling in EIT. The phenomena investigated in this thesis are
schematically depicted in Fig. 1.1. In Ch. 3, we present the first matter-based prob-
ing of EIT by detecting the polaritons via their matter component inside the cloud
using field ionization detection of Rydberg states. After the characterization of our
system in the non-interacting regime (Ch. 3.2), we turn to the regime of strong atomic
interactions (Ch. 3.4). The coupling of photons to strongly interacting Rydberg states
leads to effective photon-photon interactions (Fig.1.1 (b)). We observe the effect of the
interactions as a huge nonlinear optical response of the atomic cloud to the probe light
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Figure 1.1: Illustration of the investigated light-matter interactions. (a)
An incoming photon is converted into a dark-state polariton upon entering the
atomic cloud. It travels without loss through the cloud with reduced group velocity
and is coherently mapped back into the initial light mode upon leaving the cloud.
(b) The interactions between polaritons mediated by the Rydberg-Rydberg interac-
tions lead to scattering of a second polariton by the first one, resulting in an optical
nonlinearity on the single photon level. (c) The scattering of polaritons on Ryd-
berg atoms (green sphere) can be employed to sensitively detect individual Rydberg
atoms. (d) Quantum-state exchange interaction between a Rydberg atom and the
polaritons gives rise to dipolar transport of the Rydberg excitation.
3
field. We characterize the optical nonlinearity and map out its full range reaching deep
into the strongly blockaded regime. Concomitant with the nonlinear optical response,
we observe the emergence of correlations between the dark-state polaritons.
By exploiting the strong interactions between atoms in different Rydberg states com-
bined with the optical nonlinearity of the atomic gas, we introduce a fundamentally
new imaging method that allows us to resolve otherwise invisible distributions of Ryd-
berg atoms. In a theoretical study (Ch. 4), we show that this technique allows to image
individual Rydberg atoms embedded in dense atomic gases (Fig.1.1 (c)). Performing
simulations of the imaging process including experimentally relevant noise sources, we
show that it should be possible to image interacting many-body Rydberg states with
single particle sensitivity. In Ch. 5 we turn to the experimental realization of this imag-
ing technique. We demonstrate sensitive, spatially resolved detection of small numbers
of Rydberg atoms and probe the Rydberg blockade in a new way.
In the last part of this thesis, we make use of our new imaging technique to observe the
time evolution of this interacting light-matter system (Ch. 6). As a surprise, we discover
that for certain Rydberg states the Rydberg distributions are not stationary during the
imaging process. We find that the observed dynamics is mediated by dipolar exchange
interactions between Rydberg atoms (Fig.1.1 (d)). Furthermore, the continuous obser-
vation in the imaging process acts as an environment to the transport dynamics and
introduces a new spatial scale of micrometer size induced by the Rydberg-Rydberg in-
teractions. Since the environment depends on the laser parameters, our system presents
a promising model system to study dipolar transport phenomena which might help to
elucidate open questions like the role of entanglement or the transition from classical
to quantum behaviour in energy transport.
4
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Parts of this chapter are included in the following publication:
An experimental approach for investigating many-body phenomena in Rydberg-
interacting quantum systems
C.S. Hofmann, G. Günter, H. Schempp, N.L.M. Müller, A. Faber, H. Busche, M.
Robert-de-Saint-Vincent, S. Whitlock andM. Weidemüller
Frontiers of Physics, (2013)
Highly excited, so-called Rydberg atoms, have been studied since the early days of
quantum mechanics. The combination with ultracold atomic gases at the end of the
1990s has renewed the interest in these highly excited atoms and has revolutionized the
field of Rydberg physics [Löw12]. Since, the field of ultracold Rydberg physics has de-
veloped into a diverse rapidly growing research area with topics ranging from quantum
computing [Saf10] and quantum non-linear optics [Pri13] over strongly correlated plas-
mas [Kil07, Rol08] and ultracold chemistry [Ben09] to investigations of exotic quantum
phases [Pup10, Hen10]. At the heart of the diverse phenomena that are explored in
all these areas are the remarkable properties of Rydberg atoms. The large separation
between the Rydberg electron and the atomic core and the concomitant loose binding
leads to exaggerated properties of Rydberg atoms such as huge electric polarizabilities
and strong dipole-dipole or van der Waals interactions. In ultracold Rydberg gases, the
interaction energy can be much larger than all other energy scales, rendering a system
that is dominated by interactions which leads to peculiar properties in the interplay
with the light field.
Here, we review some of the basic properties of Rydberg atoms. In particular, the
origin and the nature of the strong Rydberg-Rydberg interactions are discussed. Also,
how these interactions in the interplay with the light field can induce spatial correlations
in ultracold Rydberg gases is briefly introduced. Then, the experimental apparatus
which was built in the course of this thesis is presented. The apparatus allows us to
produce dense ultracold atomic clouds and to detect Rydberg atoms with single particle
sensitivity. Moreover, it offers good optical access to the ultracold atoms, which is a
key ingredient for the presented experiments on Rydberg atom-light interactions.
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2.1 Rydberg atoms
2.1 Rydberg atoms
Atoms with at least one electron in a highly excited state are referred to as Rydberg
atoms. In the Rydberg state the electron is loosely bound and mostly far from the
core. It therefore mainly experiences a 1/r-potential, which renders Rydberg atoms,
very similar to hydrogen atoms.
The investigation of these highly excited atomic states reaches back to the 19th
century. Balmer established an empirical formula to describe the spectral lines of
hydrogen observed by Ångstrom and others [Ång55, Bal85] which was shortly after
generalized and extended to other chemical elements by Rydberg [Ryd90]. The Bohr-
model [Boh13] provided the first theoretical description to explain the empirical findings
by linking the observed spectra of hydrogen to the binding energy of the electron
En = −hcR∞
n2
, (2.1)
where h is the Planck constant, c the speed of light and n the principal quantum
number, which characterizes the state of the atom. The Rydberg constant can be
expressed in terms of fundamental constants
R∞ =
mee
4
8 c ε20 h3
(2.2)
with e the elementary charge, me the electron mass, and ε0 the vacuum permittivity.
Like the binding energy, many properties of hydrogen show a characteristic scaling
with the principal quantum number n which can already be derived within the simple
Bohr-model. As high-lying electronic states of multi-electron atoms are very similar to
the states of hydrogen, these scaling laws still hold despite the more complex structure
of these atoms as will be discussed in the following.
2.1.1 Alkali Rydberg atoms
In this thesis we deal with highly excited states of rubidium which as an alkali atom has
one valence electron. The other 36 electrons fill up the inner shells and together with
the nucleus form the core. The core electrons are tightly bound and almost unperturbed
by the valence electron. Hence, for highly excited states of the valence electron, the
core and the valence electron form a hydrogen-like system. In contrast to hydrogen,
electronic states with low angular momentum not only experience a singly charged core,
as they penetrate and sample the substructure of the core. This leads to an energy
shift of the rubidium Rydberg states with respect to the ones of hydrogen. Inside the
core, the valence electron experiences an increased charge due to the reduced shielding
of the nucleus and also polarizes the core. Both effects lead to an increased binding
and a lowering in energy of these states.
6
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Figure 2.1: Rydberg wavefunction for the |37S1/2〉-state of rubidium and
hydrogen. The blue curve shows the wavefunction for the |37S1/2〉-state of hydro-
gen calculated using PotCalc [Sin04]. The wavefunction of 87Rb in the same state
(green) is very similar to the one of hydrogen. The increased binding due to the
extended core essential leads to a shifted hydrogen wavefunction. The distance r
from the core is given in units of the Bohr-radius a0.
The effect of the core can be taken into account using quantum defect theory [Sea83,
Gal05]. The extent of the core only modifies the potential in the very inner part, where
the kinetic energy is large and the wavefunction oscillates rapidly. The increased poten-
tial depth compared to the Coulomb-potential of hydrogen results in faster oscillations
of the wavefunction in this region and leads to a phase shift of the wavefunction outside
the core with respect to the hydrogen wavefunction. This phase shift can be accounted
for by replacing the hydrogenic quantum number n by an effective principal quantum
number (n∗) = (n − δn,l,j) with δn,l,j the quantum defect for the state |n, l, j〉. With
this modification the energy levels of the rubidium Rydberg-states can be written like
the hydrogen levels as
En,l,j = −hc RRb(n∗)2 (2.3)
with RRb = 109736.62 cm−1, the Rydberg constant for 87Rb1. The quantum defect is
determined by spectroscopic measurements [Han06] and can be approximated using the
empirical Rydberg-Ritz formula [Gal05]. As the quantum defect reflects the penetration
of the core, it depends on the quantum numbers n, l and j and decreases for states with
increasing angular momentum. This results in additional structure of the energy-levels
of alkali Rydberg states compared to hydrogen. As can be seen in Fig.2.2 (a) the |S〉,
|P 〉 and |D〉 states are energetically separated from the other states which allows us
1Accounting for the effective mass, the Rydberg constant is given by RRb = R∞/(1 +me/mRb).
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property (n∗)-scaling
binding energy En (n∗)−2
level spacing En+1 − En (n∗)−3
lifetime τ (n∗)3
ionisation field Eion (n∗)−4
transition dipole matrix element 〈nl| dˆ |n′l′〉 (n∗)2
polarizability α (n∗)7
dipole coefficient C3 (n∗)4
van der Waals coefficient C6 (n∗)11
Table 2.1: Scaling laws for properties of Rydberg atoms. Some of the
important properties of Rydberg atoms and their scaling with the effective principal
quantum number (n∗) = (n− δn,l,j) [Gal05].
to readily address them in the experiments. For l > 3 the centrifugal barrier prevents
the electron from being close to the core and the quantum defect becomes negligible
δn,l,j ≈ 0. Therefore, the states with l > 3 are degenerate like for hydrogen and are
thus often referred to as the hydrogenic manifold.
As the effect of the extended core can be encapsulated in the effective quantum num-
ber, the properties of Rydberg atoms exhibit the same scaling laws like the hydrogen
atom, but with n replaced by (n∗). Some important properties and their scalings are
given in Tab. 2.1. These scalings illustrate the exaggerated properties of the Rydberg
atoms. For instance, for rubidium Rydberg atoms in the 50S-state, the strength of
the van der Waals interaction approximately is 16 orders of magnitudes larger than for
ground state atoms.
2.1.2 Rydberg atoms in electric fields
Given the enormous size and the loose binding of the electron to the core, Rydberg
atoms are very sensitive to their environment, especially to electric fields. Here, we
discuss two cases relevant for the experiments: for small electric fields the Rydberg
atoms show large Stark shifts which allows to tune their energies and manipulate their
properties. For larger but still moderate electric fields, the loose binding of the electron
allows to separate the electron from the core and to ionize the Rydberg atom which
can be employed to detect Rydberg atoms.
Stark-shift
The dipole interaction of the atom with the electric field leads to coupling of states
of opposite parity. For small angular momenta (l ≤ 3), the core potential lifts the l-
degeneracy and second order non-degenerate pertubation theory can be applied. These
8
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Figure 2.2: Stark map around the |37S1/2〉-state of 87Rb. (a) Calculated
Stark map for the states in the vicinity of the 37S-state using PotCalc [Sin04].
(b) Measured Stark map using field ionization. The blue dots show the measured
ionization spectra for different electric fields. The solid lines are guides to the eye.
The red line is a quadratic fit to the peak positions of the spectra.
states therefore show a quadratic Stark shift
δEn,l,j =
∑
n′,l′,j′ 6=n,l,j
| 〈ψnlj| dˆ · E |ψn′l′j′〉 |2
Enlj − En′l′j′ =
1
2αE
2 (2.4)
for small electric fields E , where the sum runs over all bare atomic states. As the
dipole moment scales with (n∗)2 and the energy difference between neighbouring states
decreases with (n∗)−3, we can readily deduce the (n∗)7 scaling of the polarizability α
given in Tab. 2.1.
In the hydrogenic manifold (l > 3), states with opposite parity are degenerate and
form new eigenstates with respect to the electric dipole interaction which possess a
permanent dipole moment. Hence these states exhibit a linear Stark shift in small
electric fields. In general, Rydberg atoms in an electric field acquire a permanent
dipole moment which is given by the derivative of their energy with respect to the
electric field.
Fig. 2.2 (a) shows the calculated energies of Rydberg states in an electric field, a so-
called Stark map, for states in the vicinity of the 37S1/2-state. As discussed, the states
with low angular momentum show a quadratic shift for small electric fields in contrast
to the linear behaviour of the states in the hydrogenic manifold. The Rydberg atoms
are highly susceptible to electric fields, as can be seen in Fig. 2.2 (b). Fields on the order
of a few Volts per centimeter already shift the relatively low-lying 37S1/2-state by a
few tens of MHz, which is much larger than the excitation linewidth in the experiment.
On the one hand, this can be used as a tool to tune the energy of Rydberg states or to
employ Rydberg atoms as sensitive probes for small electric fields [Tau10, Sed12]. On
the other hand, it also poses strict requirements on the electric field control needed in
experiments.
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Ionization
Due to the reduced binding of the Rydberg electron, already moderate fields are suffi-
cient to separate the electron and the core and to ionize a Rydberg atom. Therefore field
ionization and subsequent detection of the positively charged core and/or the electron
has become an established technique to detect Rydberg atoms. With the ionization
field depending on the state of the atoms, field ionization even allows for state selective
detection of the Rydberg atoms.
To estimate the electric field needed to ionize a Rydberg atom, we consider a constant
electric field, e.g., in the z−direction. The field deforms the Coulomb-potential and
leads to an anisotropic potential with a local maximum. The ionization threshold is
given by the field, where the binding energy matches the potential energy of the local
maximum, giving
Eion = piε0(hcRRb)
2
e3 (n∗)4 (2.5)
≈ 3.2138 · 105 kVcm × (n
∗)−4. (2.6)
For instance, for the 37S-state this corresponds to ∼ 245V/cm whereas for the 50S-
state the required ionization field is much lower and only amounts to ∼ 65V/cm. This
shows that field ionization allows to detect Rydberg atoms state-selectively in the ex-
periment. The actual ionization dynamics are more complex, as quantum mechanically
one has to consider the exact path through the Stark map with its avoided crossings
which are passed adiabatically or diabatically, depending on the switching speed of
the electric field [Gal05]. Nevertheless, the simple scaling provided here gives a good
estimate for the fields required in the experiment and yields the correct scaling of the
ionization field.
2.1.3 Rydberg-Rydberg interactions
The extraordinarily strong interactions between Rydberg atoms are the key ingredient
for many fascinating phenomena in Rydberg physics. Here, we discuss the origin and
the character of these interactions. We focus on the particular case of interactions of
nS-states of 87Rb which are relevant for the presented experiments.
Rydberg atoms interact via electric dipole-dipole interactions. Classically this can
be understood as follows: a fluctuation in the charge distribution of one Rydberg atom
instantaneously creates a dipole moment, that in turn induces a dipole moment in
another atom with which it can interact. The operator describing the dipole-dipole
interaction between two atoms is given by
Vˆdd(R) = µˆ1 · µˆ2
R3
− 3(µˆ1 ·R)(µˆ2 ·R)
R5
(2.7)
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(a) (b)
Figure 2.3: Bare atomic states and relevant pair states for the interaction.
(a) schematically depicts the bare atomic states of two atoms. For the interaction
between the atoms in the states |n1S〉 and |n2S〉, the main contribution to the
interaction strength originates from coupling to the energetically closest pair state
|n′1P, n′2P 〉. (b) shows the pair states involving the four bare atomic states marked
with green boxes in (a). Only the states |n1S, n2S〉 and |n′1P, n′2P 〉 are coupled and
the interaction of the atoms can be approximated considering these two levels. The
energy difference between the coupled pair states is given by the Förster defect ∆F .
where µˆ1 and µˆ2 are the dipole operators acting on atom one and two, respectively,
and R denotes the vector separating the two atoms. Typically, the internal electronic
dynamics is much faster than the motion of the atoms, and hence the distance between
the atoms can be treated as a classical parameter in the Hamiltonian.
To calculate the interaction strength between two atoms, we have to determine the
energy levels of the two coupled atoms which are governed by the Hamiltonian
Hˆ = Hˆ1 ⊗ 1 + 1⊗ Hˆ2 + Vˆdd(R). (2.8)
where Hˆ1 and Hˆ2 describe the energy levels of the two individual atoms. The energies
of the coupled atoms are conveniently calculated in a pair state basis. The energy shift
of a pair state due to the interactions reflects the interaction strength of the two atoms
in this particular pair state. These energy shifts can only be obtained approximately,
since all atomic states become coupled by the dipole-dipole interaction.
Two-state approximation
The largest contribution to the interaction between two atoms in a particular pair
state originates from the coupling to the energetically closest pair state that is directly
coupled. Considering only the coupling of these two pair states provides qualitative
insights into the origin and nature of the interactions.
Fig. 2.3 (a) schematically shows the bare atomic states of the two atoms. In the
experiments, we use the interactions of nS-Rydberg states {|n1S〉 , |n2S〉} to which we
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will restrict the discussion in the following. Using the energetically closest coupled pair
state |n′1P, n′2P 〉, we determine the interaction of the atoms in the reduced pair state
basis shown in Fig. 2.3 (b). The two pair states |n1S, n2S〉 and |n′1P, n′2P 〉 are coupled
via the dipole-dipole interaction and the Hamiltonian of the reduced system is given
by
Hˆred =
(
0 V0/R3
V0/R
3 ∆F
)
, (2.9)
where V0/R3 = 〈n1S, n2S| Vˆdd(R) |n′1P, n′2P 〉 is the strength of the dipole-dipole cou-
pling and ∆F = [E(n′1P ) + E(n′2P )] − [E(n1S) + E(n2S)] is the energy difference be-
tween the two pair states, the so-called Förster defect. Solving for the energies of the
coupled pair states, we find
E± =
1
2
(
∆F ±
√
∆2F + 4V 20 /R6
)
. (2.10)
The energies of the coupled atoms depend on the distance R and we can identify three
types of interactions:
• resonant dipole-dipole interaction (V0/R3  ∆F ): For small distances or
when the Förster defect is tuned to zero via electric fields, the dipole-dipole
coupling dominates and the Rydberg states exhibit dipolar interactions, since the
energies of the pair states
E± ' ± V0
R3
= ±~C3
R3
(2.11)
show a R−3 dependence2. The associated C3-coefficient is related to the product
of the two dipole matrix elements and hence shows a (n∗)4-scaling.
• van der Waals interaction (V0/R3  ∆F ): For large distances the dipole-
dipole coupling is only pertubative and the energies of the two states are approx-
imately given by
E+ ' ∆F + V
2
0 /∆F
R6
and E− ' −V
2
0/∆F
R6 =
~C6
R6 . (2.12)
In this regime, the Rydberg atoms exhibit van der Waals type interaction, as the
energy of the pair states shifts with R−6. In general, the C6-coefficient strongly
depends on the effective principal quantum number. The coupling strength V0
scales with (n∗)4 and the energy difference between the states scales as (n∗)−3
2This is only valid down to the LeRoy radius, at which the electron clouds start to overlap and
electron exchange has to be taken into consideration [Boi02].
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which results in a (n∗)11 dependence of the C6-coefficient. Whether the states
show attractive or repulsive interactions is determined by the sign of the Förster
defect. With the given definitions, C6 > 0 corresponds to repulsive interactions.
• state exchange interaction: For atoms in different atomic states, the interac-
tions can lead to state exchange between the two atoms by the following process
n1S + n2S V0⇐⇒ n′1P + n′2P
V ′0⇐⇒ n2S + n1S. (2.13)
This process only occurs for atoms with a small difference δn = n1 − n2 in
the principal quantum number. For pairs with large δn, V ′0 is negligibly small
and no exchange takes place. Exchange interactions are also important for the
interplay between Rydberg S- and P -atoms. Here, the intermediate pair state is
not needed and the pair states with exchanged Rydberg excitations are directly
coupled. Since these two pair states are always degenerate, the involved Rydberg
states strongly interact via dipolar exchange interactions.
The crossover between dipolar and van der Waals interaction happens for V0(R) = ∆F ,
corresponding to a distance Rcross = (~C3/∆F )1/3. The behaviour of an interacting
Rydberg gas in the two regimes is quite distinct. The dipolar interactions are inherently
long-range. In contrast, in the van der Waals regime the interactions are dominated by
the nearest neighbours and the sharp drop of the interaction strength often allows one
to introduce a cut-off radius outside of which the interactions are negligible.
In contrast to the vast majority of interacting many-body systems, the interactions
of Rydberg atoms can be tuned employing the huge susceptibility of Rydberg atoms
to electric fields [Vog06, Wes06, Rya10, Nip12, Gur12]. By tuning pair states into
resonance via what is referred to as a Förster resonance, dipolar interactions with a
range even larger than the extent of the entire atomic ensemble can be achieved. We
will employ electric field tuning in the experiment to further enhance the interactions
between the atoms.
In an electric field, the Rydberg-atoms acquire a permanent electric dipole moment.
As the interaction of two permanent dipoles scales as R−3, the interaction strength
even in very small electric fields will be dipolar for very large distances.
Interactions of nS-states of 87Rb
To calculate the interactions of Rydberg atoms, in principle all states or practically
many states have to be considered. This can be accomplished by numerically solving
for the energy levels of two coupled atoms including many atomic levels. The inter-
action coefficients C3 and C6 are then obtained by fitting the short and long-range
behaviour with C3/R3 and C6/R6, respectively [Sin05]. In the van der Waals regime,
the dipolar coupling is only pertubative and the interaction coefficient can be obtained
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Figure 2.4: Radial matrix elements of the |37S〉-state of 87Rb to adjacent
|n′P 〉-states. Shown are the radial matrix elements of the |n = 37, l = 0〉-state
to neighbouring |n′, l′ = 1〉-states. The radial matrix elements are largest for the
nS → nP and nS → (n− 1)P transitions. The remaining elements quickly drop off
with δn = n′ − n as the wavefunction overlap rapidly decreases.
using approximate solutions like for instance effective Hamiltonians [Bij13] in which
the far off-resonantly coupled pair states are adiabatically eliminated3.
The exact position of the atomic energy levels and the resultant Förster defects of
the pair states are crucial for the strength and nature of the interactions. Therefore the
interactions are very specific for each element. In the experiment, we address S-states
of 87Rb. In the case where both atoms are in the same nS-state, the interaction between
the atoms is almost always repulsive [Bij13]. This is convenient for the experiment, as
attractive interactions lead to rapid collisional ionization of the atoms [Amt07] which
leads to uncontrolled effects in the experiments.
Interstate n1S − n2S interactions in 87Rb
Fig. 2.5 shows a map of C6-coefficient for interactions between n1S- and n2S-states
which are calculated using an effective Hamiltonian [Bij13]. As one can see not all
Rydberg states strongly interact. This can be understood from the result derived in
the two-state approximation, that the strength of the Rydberg-Rydberg interactions is
determined by the coupling strength V0 and the Förster defect.
The dipolar coupling strength strongly depends on the dipole matrix elements µ =
〈nl| µˆ |n′l′〉 which reflect the wavefunction overlap of the two states. The amplitude
of the dipole matrix elements is given by the radial matrix elements 〈nl| rˆ |n′l′〉 which
are shown in Fig. 2.4 for the |37S〉-state of 87Rb to neighbouring Rydberg states. Due
to selection rules S-states are only coupled to P -states. The transitions nS → nP
and nS → (n − 1)P show the largest radial matrix elements which are on the order
(n∗)2a0 with a0 the Bohr radius [Wal08]. The next largest matrix elements which occur
3This is similar to the adiabatic elimination of an intermediate level in an off-resonant two-photon
excitation.
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Figure 2.5: Map of interaction coefficients Cn1,n26 for |s〉-states of 87Rb.
Shown are calculated | log(Cn1,n26 )| for |s〉-states of 87Rb using an effective Hamilto-
nian approach [Bij13]. The C6-coefficients are given in atomic units (Eha60/~ with
Eh the Hartree energy). By courtesy of R.M.W. van Bijnen.
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Figure 2.6: Interstate interaction resonances in 87Rb atoms. Indicated are
pairs {n1S, n2S} that can be tuned into Förster resonance with electric fields ≤
4V/cm for n = 20− 60 involving states with δn = ±0, 1, 2.
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for nS → (n + 1)P and nS → (n − 2)P transitions are already roughly one order
of magnitude smaller. As the remaining elements approximately fall off as δn−2 with
δn = n′ − n the difference in the principal quantum number, we only need to consider
the coupling of the following pair states
n1S + n2S  n1P + (n2 − 1)P (2.14a)
n1S + n2S  n1P + (n2 − 2)P (2.14b)
n1S + n2S  (n1 − 1)P + (n2 + 2)P (2.14c)
n1S + n2S  (n1 + 1)P + (n2 − 2)P (2.14d)
n1S + n2S  (n1 − 1)P + (n2 + 2)P (2.14e)
n1S + n2S  (n1 − 2)P + (n2 + 2)P (2.14f)
which are ordered in terms of coupling strength to explain the resonances in the inter-
action strength observed in Fig. 2.5.
In the experiments, we are interested in strong interstate interactions, i.e. n1 6= n2;
particularly in states with a Förster defect that can be tuned to zero using small
electric fields (≤4 V/cm) without the states crossing into the hydrogenic manifold.
Investigating the Stark maps of the pair state combinations given above we identify
the resonances shown in Fig. 2.6.
2.1.4 Rydberg atom-light interactions
The strong Rydberg-Rydberg interactions combined with the laser excitation natu-
rally lead to correlations between the atoms and give rise to the so-called Rydberg
blockade [Luk01, Saf10]. Extending the basic idea of the Rydberg blockade to systems
containing many Rydberg excitations, has led to theoretical studies of intriguing many-
body Rydberg states which exhibit long-range order [Wei08, Poh10, Sch10a, Bij11]. In
the following, we focus on interaction effects in laser coupled two-level systems. Three-
level systems which are the topic of this thesis will be addressed in Ch. 3. Here, we
introduce the concept of the Rydberg blockade and briefly discuss crystalline many-
body Rydberg states.
Rydberg blockade
We consider the laser excitation of two atoms with the excitation resonant to the
ground-to-Rydberg transition and an excitation bandwidth ofW as depicted in Fig.2.7 (a).
The interaction of the two atoms in the Rydberg state induces a level-shift U of the
doubly excited state |rr〉 that depends on the separation R of the two atoms. For large
separations both atoms can be excited to the Rydberg state. Conversely, for small
distances the interaction shift U exceeds the excitation linewidthW which inhibits the
excitation of close-by pairs. This leads to an excitation blockade as only a single atom
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(a) (b)
Figure 2.7: Rydberg blockade effect. (a) Two-atom blockade. For large dis-
tance R between the two atoms, both atoms can be excited to the Rydberg state.
In contrast, for separations of the atoms smaller than Rbl the interactions shift the
doubly excited state |rr〉 out of the excitation bandwidth W which blocks the exci-
tation of close-by pairs. (b) Illustration of the blockade effect in an atomic cloud.
In the case of resonant excitation and isotropic Rydberg-Rydberg interactions, the
blockade leads to a blockade spheres (dashed line) around each Rydberg atom in
which no further Rydberg atoms can be excited. Taken and adapted from [Hof13a].
can be excited. This can be formulated in the blockade condition
U ≥ ~W . (2.15)
Since the natural lifetime of Rydberg-atoms scales with (n∗)3, the excitation line-width
is dominated by the power-broadening of the excitation andW ≈ Ω the Rabi-frequency.
For isotropic interactions which is approximately true for van der Waals type interaction
of nS-states [Wal08], the blockade volume is a sphere with a blockade radius of
Rbl = (C6/Ω)1/6 (2.16)
as illustrated in Fig.2.7 (b). Angular dependent interactions lead to more complex
volumes like ellipsoids or even show no blockade under certain angles [Saf10]. Since
its proposal in 2001 by Lukin et al. [Luk01], the Rydberg blockade which leads to a
saturation of the number of Rydberg excitations in the gas has been observed in many
experiments for the different types of Rydberg-Rydberg interactions [Com10].
Collective atom-light interaction
The blockade and the concomitant reduction of accessible many-body states also leads
to different dynamics in the system. We consider an ensemble of N atoms within a
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blockade volume. Because of the blockade, only states containing a single Rydberg
excitation can be accessed. As the light-field preserves the symmetry under particle
exchange, the initial state with all the atoms in the ground state |g(0)〉 solely couples
to the totally symmetric Dicke-state |R(1)〉
∣∣∣R(1)〉 = 1√
N
N∑
i=1
|g1, ..., ri, ..., gN〉 . (2.17)
Therefore, the interaction of the entire atomic ensemble with the light field can be
reduced to an effective two-level system with a collective Rabi-frequency Ωcol =
√
NΩ
which is enhanced by a factor
√
N compared to the single atom Rabi-frequency Ω.
This collective enhancement of the Rabi-frequency was experimentally observed for
two atoms [Gae09] and indirect evidence was seen in large samples [Hei07]. As the en-
semble of atoms within one blockade volume acts like a simple two-level atom but with
enhanced coupling to the light field, it is sometimes referred to as a superatom [Vul06].
The enhanced coupling to the light field of a blockaded ensemble also affects the
blockade. The enlarged Rabi-frequency increases the power-broading and we replace
Ω→ √NblΩ in Eq. (2.16) to define a superatom blockade radius
Rbl =
(
C6√
NblΩ
)1/6
. (2.18)
where Nbl = na×4/3piR3bl is the number of atoms in the blockade volume and Eq. (2.18)
needs to be solved self-consistently. The density dependent broadening of the excitation
bandwidth leads to a decrease in the blockade radius for increasing atomic densities.
A thorough definition of the blockade radius in a many-body system is difficult, since
it depends on the specific arrangement of the atoms. Nonetheless, the given simple
ad-hoc definition of the superatom blockade radius based on the partition of the cloud
in terms of superatoms is in good agreement with many-body simulations [Rob05] and
reproduces the experimentally observed scaling of the blockade radius with the atomic
density [Hei07].
Crystalline many-body Rydberg states
The first experimental observations of the Rydberg blockade [Ton04, Sin04] in 2004
have triggered intense theoretical studies of many-body Rydberg states. Starting from
the simple blockade picture outlined above, naturally the question arises how the su-
peratoms are arranged within the atomic gas and whether there are ways to create
spatially ordered states of Rydberg atoms.
In 2005 Robicheaux and Hernández predicted that the blockade can give rise to
spatial many-body correlations in an disordered gas [Rob05], hinting already to spatially
ordered states. A few years later, Weimer et al. investigated the ground-state properties
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Figure 2.8: Crystalline many-body Rydberg states. (a) Schematic phase-
diagram of atoms continuously coupled to interacting Rydberg states. The ground-
state of this coupled system depends on the laser detuning ∆ and the Rabi-frequency
Ω. Going from negative to positive detuning the system undergoes a quantum phase
transition from a disordered gas of ground-state atoms (PM) to a crystalline state of
Rydberg-excitations (C). Taken from [Wei08]. (b) Simulated probability distribution
of an adiabatically prepared two-dimensional Rydberg crystal. Taken from [Poh10].
of atoms under continuous laser coupling to Rydberg states [Wei08]. They discovered
that this coupled light-matter system exhibits a second order quantum phase-transition
which belongs to an unprecedented universality class. Varying the laser detuning,
the system undergoes a transition from a disordered gas of ground-state atoms, to a
state containing regularly spaced Rydberg excitations (see Fig. 2.8 (a)). Still the open
question remained how the system can reach its ground-state. Shortly after, Pohl et al.
proposed to prepare crystalline Rydberg states by dynamical crystallization of Rydberg
excitations [Poh10]. As the crystalline arrangement of the Rydberg atoms minimizes
the interaction energy, these states can be prepared by adiabatically following the
ground-state of the system. Yet, so far these so-called “Rydberg crystals” have been
elusive and remain an ongoing experimental challenge.
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2.2 Ultracold Rydberg atoms in dense atomic samples
To investigate the interplay of light with strongly interacting ultracold Rydberg gases,
a new experimental apparatus was designed and built with the following design criteria
in mind:
Low temperature: To study effects of interactions and resulting many-body Ry-
dberg states, we want the atoms to “stand still” during the course of the experiment to
avoid mixing with motional degrees of freedom. Therefore ultracold atomic clouds offer
an ideal starting ground. At a temperature of 1µK the atoms move with a velocity of
≈ 15 nm/µs. This thermal motion of the atoms is negligible on the time scale of the
experimental interrogation on the order of few tens of microseconds.
High atomic density: The interatomic separation scales with the atomic density
na like n−1/3a . Hence, the role of interactions is effectively density dependent. The
strongly interacting regime is characterized by naR3bl > 1 [Löw12]. With blockade radii
Rbl on the order of a few micrometers, we require densities of 1µm−3 or higher. Fur-
thermore, to study the transition from the non-interacting to the interacting regime
tunability of the density over several order of magnitude is required.
Electric field control: Rydberg atoms experience large DC-Stark shifts due to their
enormous polarizability (cf. Sec. 2.1.2). For instance, the state |55S1/2〉 has a polar-
izability α ≈ −100 MHz/(V/cm2)2, while the lifetime limited transition width is only
≈ 30 kHz [Bet09]. Therefore, already small electric fields of E ≈ 1V/cm can shift Ry-
dberg states by several hundred linewidths. On the one hand side, it outlines the need
to compensate stray fields, that might be caused by a few spurious ions [Com10]. On
the other hand, this can be employed to manipulate properties of the Rydberg state,
like Förster tuning of interactions (cf. Sec. 2.1.3) or spatially resolved excitation in
inhomogeneous fields [Mül07].
Good optical access: Interfacing light with the ultracold atomic cloud is at the
heart of the presented experiments. For instance, addressing and imaging the atoms
with high spatial resolution is an important ingredient for the new imaging method
presented in Ch. 5. Additionally, a high degree of optical access allows us to implement
optical dipole traps for fast evaporative cooling and control of the dimensionality of
the atomic cloud.
Fast duty cycles: Short cycle times on the order of a few seconds allow to quickly
scan large parameter ranges and enable to achieve good statistics in the measurements.
In addition, it poses less stringent conditions on the long-term stability and facilitates
the adjustment of the experiment.
In the following, we will outline the key features of the new apparatus. More details can
be found in a recent PhD thesis [Hof13a] as well as Master theses [Mül10, Bus11, Fab11].
The main ingredients of the experimental setup are shown in Fig. 2.9.
21
2.2 Ultracold Rydberg atoms in dense atomic samples
2.2.1 Preparation of dense ultracold atomic samples
Cooling atoms to temperatures close to absolute zero is a standard task in modern
ultracold experiments. Typically, the atoms are laser cooled and trapped inside an
ultra-high vacuum (UHV) chamber, to isolate them from the environment. The ap-
plied laser cooling and trapping techniques are well established and their principles are
explained in detail in [Ket99] and [Met07].
The vacuum system employed in our experiments is shown in Fig. 2.10 (a). Rubid-
ium vapor inside the vacuum chamber is supplied by dispensers. The cooling of the
atoms is performed in two stages: we apply dissipative precooling in a two dimensional
magneto-optical trap (2D-MOT) followed by further cooling and in a three-dimensional
magneto-optical trap (3D-MOT). In the second cooling stage, the atoms are transferred
into a conservative potential provided by an optical dipole trap. In the dipole trap,
evaporative cooling is used to further lower the temperature and increase the density
of the atomic cloud which allows us to achieve Bose-Einstein condensation if required.
The experiments with Rydberg atoms happen on the microsecond time-scale, lim-
ited by the lifetime of the Rydberg atoms [Löw12] and collisional ionization [Amt10].
Therefore, to obtain short experimental cycle times, the preparation of the dense ultra-
cold atomic sample has to be fast. The cooling cycle which allows us to achieve cycle
times of a few seconds is outlined in the following.
(i) Cold atom source: We use a 2D-MOT in a glass cell, that is pressure separated
by a differential pumping tube from the main chamber, as our cold atom source.
The design and performance of the 2D-MOT is described in detail in [Hof13a]. In
Rydberg experiments, care has to be taken to avoid unwanted effects of spurious
ions in the vicinity of the atoms. The 2D-MOT provides an ion free cold atom
source, since the cooling mechanism and the transmission through the differen-
tial pumping tube exclusively work for the specific neutral atomic species. Our
compact and modular 2D-MOT provides an atom beam with a high flux of up
to 3.9× 109 atoms/s and a small divergence, such that under optimal conditions
a MOT with about 3 × 108 atoms is loaded within 0.2 s. Another advantage of
the 2D-MOT is, that its orientation with respect to the MOT-field gradient is
unrestricted compared to e.g. Zeeman-slowers, which is beneficial for maximizing
optical access.
(ii) 3D-MOT: Our 3D-MOT is comprised out of six beams of superimposed cooling
and repumping light with a 1/e2 diameter of 20mm and two water cooled coils
outside the vacuum chamber. This provides us with a large trapping volume.
The cooling light with a total cooling power of 125mW is red detuned from the
cooling transition |5S1/2, F = 2〉 → |5P3/2, F = 3〉 by 19MHz (∼ 3 Γe with Γe
the decay rate of the 5P3/2-state). The repumping light is resonant with the
|5S1/2, F = 1〉 → |5P3/2, F = 2〉 transition and has a total power of 140µW.
For the MOT, we apply a magnetic field gradient of 10.5G/cm. The loading of
the 3D-MOT, during which the dipole trap is already switched on, is followed
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Figure 2.9: Schematic of the experimental setup. A two-dimensional
magneto-optical trap (MOT) (not shown) provides a high flux cold atom beam
which we use to load the 3D-MOT (not shown). The trapped and pre-cooled atoms
(green ellipse) are subsequently transferred into an optical dipole trap for evapora-
tive cooling. After trap release, the atoms are excited to high-lying Rydberg states
by a 780 nm probe laser and a counter-propagating 480 nm coupling laser. An elec-
trode structure (lower and upper field plates) is used for precise electric field control
and for field ionization of Rydberg atoms. Guiding fields produced by two deflection
rings direct the resulting ions (green trajectories) onto a micro-channel plate (MCP)
detector. In parallel, optical detection with a CCD camera provides complementary
information using Rydberg-EIT. Taken and adapted from [Hof13a]
by a compression and a dark-MOT phase to increase the density and to improve
the loading into the dipole trap. In the compressed MOT, the magnetic field
gradient and the detuning of the cooling light are increased in 200ms to 14G/cm
and 25MHz, respectively. Afterwards, in the dark-MOT phase at fixed magnetic
field gradient the total cooling power is decreased down to 11mW, the repumping
power is lowered to 1µW and simultaneously the cooler detuning is ramped to
48MHz. To suppress atom loss because of hyperfine changing collisions in the
dipole trap, in a last step the atoms are optically pumped into the F = 1 hyperfine
manifold. This is done by turning off the repumper 2ms before the MOT is
completely switched off.
(iii) Dipole trap: In order to precisely control the density and temperature of the
atoms and to produce Bose-Einstein condensates (BECs), we use an all-optical
evaporation scheme. Compared to magneto-static traps [Löw12, Dub12], optical
dipole traps are unrestricted to the used spin states and allow for almost instant
trap switch-off. Furthermore, they minimally affect the optical access to the
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Figure 2.10: Experimental setup and cooling cycle. (a) Vacuum system
including periphery. The apparatus has a dual chamber vacuum design with a
modular 2D-MOT 1 as a cold atom source which is pressure separated from the
science chamber the science chamber 2 . For pumping a titan sublimation pump
3 and a 125 l ion pump 4 are used. A mounting structure 5 is recessed into the
optical table (not shown) and supports the entire setup. Optical breadboards 6
are used to mount optical elements. (b) Top view on the science chamber illustrating
the beam geometry. Three mutually orthogonal pairs of counter propagating beams
(MOT beams) at 780 nm are used to realize a 3D-MOT. Two reservoir beams and
a dimple beam form the dipole trap (λ = 1064 nm). The probe (λ = 780 nm) and
the coupling (λ = 480nm) laser are counter aligned using a dichroic mirror and
propagate perpendicular to the dimple beam. The probe light is detected on a CCD
camera. Optical elements are not shown for clarity. (c) Typical experimental cycle
for the preparation of dense ultracold gases. Taken and adapted from [Hof13a]
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atoms and their operation is technically less demanding than hybrid optical and
magnetic traps. To combine a large volume trap for efficient loading from the
3D-MOT with tight confinement for fast evaporation, we employ a three beam
optical dipole trap [Fab11]. As shown in Fig. 2.10 (b), two large beams cross
under a small angle and form a large volume reservoir. Superimposed is a tightly
focused “dimple” beam, that ensures high collision rates during evaporation and
allows for fast evaporation ramps. Thus, the three beam geometry allows us
to decouple the loading from the evaporation process. The dipole trap light is
derived from a 50W single frequency laser4 at 1064 nm, resulting in a power of
about 25W on the atoms. The reservoir beams are generated by imaging the
Bragg diffraction pattern of an acusto-optical modulator (AOM) onto the atoms.
The two horizontally polarized beams have a waist of 120µm, cross under an angle
of 5.4° and are frequency shifted with respect to each other by νAOM ≈ 80MHz
to avoid beam interference. With a total power of about 21.5W, the reservoir
generates an optical potential with a depth Ures = kB × 145µK. Compared to a
single beam trap with the same total power, the crossed trap design leads to a
tighter confinement along the long axis of the trap, which significantly improves
the loading [Fab11]. The vertically polarized dimple beam is focused down to
23µm and crosses the reservoir under 45° with respect to the symmetry axes of
the reservoir. With a typical power of 2W, the dimple increases the potential
depth by Udimple = kB × 350µK, which results in a transfer of a large fraction of
the atoms trapped in the reservoir into the dimple for the evaporation process.
From the MOT we transfer about 5 × 106 atoms into the optimized three beam
trap. After 40-50ms of plain evaporation, we start the forced evaporation by
ramping down the power of the reservoir and the dimple. Depending on the
experiment and the required densities and temperatures the evaporation sequence
is adjusted. To achieve the highest densities and Bose-Einstein condensation
the evaporation is performed in three stages with exponential decrease of the
laser power. Typically, we reach the BEC transition at a critical temperature of
Tc = 260 nK with about 105 atoms [Hof13a].
Whereas, Bose-Einstein condensation is not required in most of the experiments,
the flexibility to change the dimensionality of the cloud is an important feature
of the experiment. Loading atoms into the reservoir we can produce three dimen-
sional ultracold atomic clouds. Switching to the dimple highly elongated clouds
with an radial extend of only a few micrometers or less can be trapped which
enables to create 1D-samples with respect to the Rydberg excitation.
4In the early stage of the experiment the 50W were provided by a single frequency solid-state laser
with 1W, that was amplified using a fiber amplifier. Due to problems with the beam profile of the
fiber amplifier, this system was replaced by a single-frequency solid-state-laser with 55W output
power.
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Fig. 2.10 (c) summarizes a typical experimental cycle. Optimizing the sequence for the
fastest duty cycle, we reach Bose-Einstein condensation with a cycle time down to 4.5 s.
These fast duty cycles set the basis for the experiments detailed in following chapters.
State preparation
To precisely control the interplay between the light field and the atoms, we prepare
the atoms in a well-defined initial state. Combined with suitable laser polarizations,
this allows us to realize well-defined three-level or respectively two-level system despite
the complex level structure of 87Rb in the experiments (see Fig. 2.11). After reach-
ing the final trap depth, we turn on microwave radiation resonant with the stretched
|5S1/2, F = 1,mF = 1〉 → |5P3/2, F = 2,mF = 2〉 transition at a magnetic field of 2.9G.
The microwave radiation, which is blue detuned with respect to the transition at the ini-
tial magnetic field of 2.7G, is emitted from one of the deflection rings of our electrode
structure inside the vacuum chamber. In 100ms we slowly ramp the magnetic field
over the resonance to 3.1G thereby adiabatically transferring the atoms in the state
|5S1/2, F = 1,mF = 1〉 in a Landau-Zener sweep to the state |5P3/2, F = 2,mF = 2〉,
which serves as the initial atomic state |g〉 in the experiments. With an energy splitting
of about h × 6.8GHz of the F = 2 and F = 1 manifold, the atoms left in the other
magnetic sublevels of the F = 1 manifold are far off-resonant to the light fields and do
not take part in the investigated light-matter phenomena.
Atomic density tuning
Another important aspect for the investigation of interaction effects in the coupled light-
matter system is the accurate tuning of the atomic density. To tune the atomic density,
we let the atomic cloud ballistically expand after releasing the atoms from the trap. This
allows us to bridge four orders of magnitude in density in the experiment. Alternatively,
the atomic density can be tuned varying the transfer time in the microwave transfer.
This is sometimes beneficial, as it permits to keep a constant time-of-flight and the
excitation volume remains the same for all investigated densities.
2.2.2 Rydberg excitation and detection
After releasing the atoms from the optical trap, we investigate their interplay with the
light fields in which they are excited to Rydberg states. After the interrogation with the
light fields, which can be employed for optical detection of Rydberg state (cf. Ch. 3),
we probe the Rydberg state population using field ionization of the Rydberg atoms.
Rydberg excitation
We excite the atoms to Rydberg states either using a direct two-photon excitation
far detuned from the intermediate state or by coupling to Rydberg states under EIT
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Figure 2.11: State preparation and realizing a three-level system in 87Rb.
Shown are the states of the 5S1/2 and the 5P3/2-manifold as well as the Rydberg
states, that are coupled by the laser fields. After the evaporation the atoms are
distributed over the F = 1 manifold. Using microwave (MW) transfer, the atoms
in the state |5S1/2, F = 1,mF = 1〉 are transferred in the initial state |5P3/2, F =
2,mF = 2〉 for the EIT experiments. The probe and coupling beams, which are σ+
and σ− polarized respectively, thus only couple three levels of the 87Rb atoms.
conditions which is discussed in Ch. 3. The two laser beams called probe and coupling
beam are counter-aligned as shown in Fig. 2.10. The probe field with a wavelength of
780 nm couples the atoms to the intermediate 5P3/2-state and the coupling laser with
a wavelength of 480 nm further promotes them to the Rydberg states. The excitation
process and the involved states are shown in Fig. 2.11. Due to selection rules, the σ+
polarized probe light only drives the transition |g〉 ≡ |5S1/2, F = 2,mF = 2〉 ↔ |e〉 ≡
|5P3/2, F = 3,mF = 3〉. Likewise, the σ− polarized coupling beam only couples to
the Rydberg state |r〉 ≡ |nS1/2, j = 1/2,mj = 1/2〉, realizing a well-define three-level
system.
Electric field control
Controlling the electric field landscape at the position of the atoms is one of the chal-
lenges in experiments involving Rydberg atoms. To accomplish this task, a stainless
steel electrode assembly - the Rydberg detector - is placed inside the vacuum chamber.
Its design gives full optical access to the atoms which allows us to readily interface the
atoms and the light field or to implement optical lattices. Design considerations and
further technical details on the Rydberg detector are given in [Mül10] and [Hof13a]. In
the experiment, the Rydberg detector accomplishes the following tasks:
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• Stray field compensation: The dominant stray field in the experiment is due to
residual fields of the charge particle detectors. In a first attempt, this stray field
has been compensated using optical detection of the 50S-Rydberg state. By com-
paring the EIT-resonance position (cf. Sec. 3.1.3) with and without the MCP on,
the field plate voltages were adjusted until the two resonance positions matched.
The residual field was measured to be . 80 mV/cm [Arg13]. Addressing Ryd-
berg states with higher principal quantum numbers this can readily be improved.
According to simulations the electrodes should allow for field compensation in a
volume of 1mm−3 down to 5mV/cm [Mül10].
• Application of precisely controlled homogeneous fields: For Stark-tuning of the
Rydberg states or Förster-tuning of the interactions (cf. Sec. 2.1.3) respectively,
homogeneous electric fields are applied. Accounting for the grounded vacuum
chamber and the exact wiring of all the electrodes, the simulated deviations in
the electric field only amount to 0.5% in a volume of 1mm3 [Mül10]. The detector
furthermore allows to generate homogeneous electric field gradients which allows
to address different parts of the atomic cloud spatially resolved.
• Application of large electric fields: To ionize the Rydberg atoms we switch to
electric field of a few 100V/cm. These fields can in principle be ramped to
achieve state-selective detection of the Rydberg atoms.
A schematic of the Rydberg detector is shown in Fig. 2.12 (a). The electrode assembly
is mounted on a DN160CF to DN63CF reducing flange with 18 SHV connections (not
shown in the figure). Attached to the reducing flange is a grounded holding structure,
that supports ten individually addressable electrodes. The electrodes are divided in two
deflection rings, that are used to guide the ions to one of the charged particle detectors,
and eight field plates to control and manipulate the electric field at the position of the
atom cloud.
Respectively, four field plates form a segmented cylinder above 3 and below 4
the atoms with an inner radius of 15mm, 8mm height and 2mm thickness. The two
segmented cylinders are separated by 28mm. The cylindrical design and the position of
the field plates were chosen to minimize field inhomogeneities. Simulations of different
field plate geometries show that a prolate geometry allows for the best field homogeneity
and gradient uniformity in the z-direction [Mül10].
The electric potentials on the field plates and hence the electric field at the position
of the atom are controlled using bipolar voltage switches with an effective rise time of
∼100 ns. A low noise voltage supply5 delivers voltages up to 3 kV . The half-ring shaped
deflection rings 2 above the field plates are used to bend the ions that are produce
in the field ionization process on a curved trajectory to either a micro-channel plate
detector (MCP, 5 ) and channel electron multiplier (CEM, 6 ). The two detectors are
5WIENER MPOD-HV/LV with specified voltage ripples < 2mV and < 10mV peak-to-peak for the
low and high voltage modules, respectively.
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Figure 2.12: Electrode assembly for electric field control and for field
ionization and detection of Rydberg atoms. (a) Schematic drawing of the
electrode assembly. A grounded supporting structure 1 holds two deflection rings
2 as well as four upper 3 and four lower 4 field plates. The field plates are used
to control the electric field at the position of the atoms. Charged particle detection
is accomplished with either a micro-channel plate (MCP) 5 or a channel electron
multiplier (CEM) 6 detector. Taken and adapted from [Hof13a]. (b) Typical ion
trace for small numbers of Rydberg atoms. Detection events of individual ions are
clearly identified (marked by black triangles). Voltage spikes below -0.02V, are
identified as an detected ion.
mirror-symmetrically situated above the electrodes and have a circular detection area
of 165mm2. To minimize stray fields due to their bias voltage of ' 2 kV, both detectors
are placed inside Faraday-cages.
Rydberg detection by ionization
Already moderate electric fields allow to ionize Rydberg atoms (cf. Sec. 2.1.2). This
allows to detect Rydberg atoms by field ionization combined with consecutive charged
particle detection. Since the ionization field is state dependent, this also allows for a
state-selective detection of the Rydberg atoms.
In the experimental setup, fields up to E = 1.2 kV/cm can be applied, allowing to
ionize Rydberg states from n = 25 (Eion ' 1 kV) to the continuum. In the presented
experiments, the field ions are detected using a MCP and the resulting currents are
recorded on a fast oscilloscope with a time resolution of 0.1 ns. Depending on the ion
density, different methods are applied to analyse the ion traces. For large ion numbers
nion - typically nion > 20 - the voltage spikes produced by the ions partially overlap.
Therefore, under these conditions the ion traces are integrated, yielding a signal pro-
portional to the ion number. For small ion numbers individual voltage spikes are clearly
resolved above the background noise level of the ion traces as shown in Fig. 2.12 (b),
showing that the apparatus is sensitive to individual Rydberg atoms. To count the
ions several methods can be used: for a quick analysis, simple peak-find algorithms
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are applied. For a more sophisticated analysis, a sparse spike deconvolution of the ion
trace is employed. Further details on the different ion counting methods used in our
experiment can be found in [Hof13a]. From the measured ion-pulse-height-distribution
we infer a counting efficiency of 0.9, limited by the electrical noise. Combined with
the MCP detection efficiency (≈ 0.6), the angular responsivity (≈ 0.9) and the guiding
efficiency (≈ 0.9), this gives an estimated overall efficiency of η ≈ 0.4.
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induced transparency
This chapter is based on the following publications:
Combined optical and population-based measurements of Rydberg electromagnet-
ically induced transparency
C.S. Hofmann, G. Günter, H. Schempp, M. Robert-de-Saint-Vincent,
S. Whitlock, M. Weidemüller
in preparation
Sub-Poissonian Statistics of Rydberg-Interacting Dark-State Polaritons
C.S. Hofmann, G. Günter, H. Schempp, M. Robert-de-Saint-Vincent,
S. Whitlock, M. Weidemüller
Physical Review Letters 110,203601 (2013)
The interaction of atoms with the electromagnetic field is at the heart of modern
atomic and optical physics. In the presence of two coherent light fields intriguing effects
such as electromagnetically induced transparency (EIT) or lasing without inversion
arise. In EIT the presence of a strong coupling field renders the atoms, that are
otherwise strongly absorbing, transparent to a weak probe field [Fle05]. At the few
photon level, this phenomenon is characterized by the appearance of quasi-particles
called dark-state polaritons, that are coupled excitations of the atoms and probe field.
These hybrid quasi-particle simultaneously possess photonic and atomic properties,
which can be tailored by the choice of the involved atomic states. This has been used,
for instance, to slow down or even stop light [Hau99, Liu01, Phi01, Baj03], to imprint
a magnetic moment onto light fields [Kar06], or to realize giant electro-optical effects
in atomic vapours [Moh08]. New effects arise when coupling to strongly interacting
atomic states. Here, we present a description of EIT including the effect of Rydberg-
Rydberg interactions and experiments on EIT involving strongly interacting Rydberg
states. The strong Rydberg-Rydberg interactions lead to effective polariton-polariton
interactions, which we observe as an optical-nonlinearity in the transmitted probe light.
In addition we find that the polariton interactions result in a narrowing of the statistical
distribution of the number of polaritons, which reflects spatial and temporal correlations
between the polaritons.
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This chapter is structured as follows: First, we introduce a semi-classical approach to
describe the interaction of light fields with non-interacting atoms and explain the origin
of EIT. Then we present experiments on spatially resolved Rydberg-EIT in ultracold
atomic clouds of 87Rb with low atomic densities. In the low density regime, the effects of
Rydberg interactions are negligible and the experiments are well captured by the semi-
classical light-matter treatment. This allows us, based on the measured transmission
spectra, to reconstruct the beam profile of the coupling beam at the position of the
atoms as well as the Rydberg distribution in the atomic cloud. This serves as a valuable
tool to characterize the system parameters in the experiments in the regime of strong
Rydberg interactions.
3.1 Theory of electromagnetically induced transparency
Electromagnetically induced transparency (EIT) is a quantum interference effect which
occurs in coherently driven three-level systems with two stable or metastable states
and one rapidly decaying level. The destructive interference of different excitation
pathways driven by the radiation fields leads to cancellation of absorption and renders
the medium transparent. Since its theoretical proposal in the early 1990s and its first
experimental realisation shortly after by Steven Harris and co-workers in hot Strontium
vapor [Har90, Bol91], EIT has been realized in diverse physical systems ranging from
atomic vapors [Bol91] over solids [Lon05] to atomic nuclei [Röh12].
Here we investigate EIT in an ultracold atomic gas of 87Rb atoms. The two laser
fields, which are referred to as the probe and coupling field, couple the ground |g〉
and first excited state |e〉 as well as a high-lying Rydberg state |r〉 of the atoms as
schematically depicted in Fig. 3.1. The ground state of the atoms is stable and the
Rydberg state with a life-time of several tens of microseconds is long-lived, whereas
the first excited state rapidly decays with rate Γe ∼ 6MHz. The presence of the
strong coupling on the upper transition induces an atomic coherence that cancels the
absorption on the lower transition for the probe field. At the same time the gas exhibits
a large dispersion that can be controlled and modified using the coupling field, which
makes EIT an ideal light-matter interface.
To quantitatively describe this phenomenon we introduce a semi-classical treatment
of the light field interacting with a quantum mechanical three-level system. Then we
show how the quantum state of the three-level system is related to the optical response
of the medium and how the coherence in the system can render the medium transparent
to the radiation fields.
3.1.1 Light-matter interaction in a three-level system
To describe many features of the interplay between light and atoms, a semi-classical
approach using a classical light field and a quantized atomic system is sufficient. Here,
we consider a three-level atom with states |g〉 , |e〉 and |r〉 in ladder configuration as
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Figure 3.1: Three-level ladder system interacting with two coherent light
fields. (a) The atomic states |g〉, |e〉 and |r〉 are near resonantly coupled by two co-
herent light fields, which are characterized by their frequencies ωp,c, Rabi-frequencies
Ωp,c and their detunings from the atomic transitions ∆p,c. The intermediate state
|e〉 is rapidly decaying with rate Γe, whereas the upper state is long-lived with a
decay rate Γr. (b) In the case of strong coupling Ωc on the upper transition, it is
convenient to use a dressed basis. Shown is the case for ∆c = 0 with the dressed
states |±〉 = 1/√2 (|r〉 ± |e〉).
depicted in Fig. 3.1. The states are coupled by two classical monochromatic light fields
with electric fields Ep,c(t) = E0p,c cos(ωp,ct) at the position of the atom. The probe
laser field near-resonantly drives the |g〉 → |e〉 transition with a frequency ωp and
is detuned from the atomic transition by ∆p = ωp − ωeg where ωeg is the transition
frequency between the states |g〉 and |e〉. Similarly, the coupling laser acts on the
|e〉 → |r〉 transition and is detuned by ∆c = ωc − ωre. The Hamiltonian that governs
the evolution of the coupled atom-light system consists of two parts: Hˆatom describes
the atomic degrees of freedom whereas Hˆatom−light accounts for the interaction of the
atom with the light fields. Hence, one obtains
Hˆ = Hˆatom + Hˆatom−light. (3.1)
We employ the dipole approximation1 in which the atom-light interaction is given by
Hˆatom−light = −dˆ · E , where dˆ is the electric dipole operator. Applying the rotating
wave approximation and transforming to a rotating frame [Mar07], we obtain the time
independent Hamiltonian
Hˆ = ~2
 0 Ωp 0Ωp −2∆p Ωc
0 Ωc −2(∆p + ∆c)
 (3.2)
1Even though the Rydberg states have an extent on the order of 500 nm which is comparable to the
wavelength this approximation is still valid. The transitions that we will consider always involve
at least one tightly bound atomic state that has an extent much smaller than the wavelength.
33
3.1 Theory of electromagnetically induced transparency
given in the basis |g〉 = (1, 0, 0), |e〉 = (0, 1, 0) and |r〉 = (0, 0, 1). The Rabi-frequencies
Ωp,c quantify the coupling strength on the probe and coupling transition, respectively,
and are given by Ωp,c = −E0p,cd/~, with E0p,c the amplitude of the corresponding electric
field and d the dipole matrix element of the respective transition2.
Decay of the intermediate state |e〉 leads to decoherence and a non-unitary evolution
of the system. This can be incorporated employing the density matrix formalism which
describes the time evolution of incoherent or open systems. The time evolution of the
density matrix ρ which describes the quantum state of the atoms is governed by the
Von Neumann equation [Scu97]
ρ˙ = − i
~
[Hˆ, ρ] + Ldecay(ρ) + Llaser(ρ). (3.3)
The effect of spontaneous decay and dephasing are incorporated using the Lindblad
superoperators [Scu97]. The Lindblad operator
Ldecay(ρ) = −12
∑
k
(C†kCkρ+ ρC
†
kCk) +
∑
k
CkρC
†
k (3.4)
includes incoherent evolution due to spontaneous decay of the excited atomic states.
The sum runs over all decay modes and the operators Ck describe the decay modes
and their strength. The first term in the Lindblad operator introduces the decay of the
coherences and the populations in the excited state, whilst the second term accounts for
the additional population in the final state. For our three-level system k = {(ge), (er)}
and the decay operators are given by
Cge =
√
Γe |g〉 〈e| and Cer =
√
Γr |e〉 〈r| , (3.5)
where Γe and Γr denote the decay rates of the |e〉- and |r〉-state, respectively.
The light sources in the experiments are not perfectly monochromatic, but fluctuate
around a central frequency. When the finite linewidth of the laser light is caused by
phase fluctuations, the fluctuations in the laser frequency result in a decay of the atomic
coherences, while the populations remain unchanged [Sul94, Fle05]. We can account for
this effect using a phenomenological Lindblad operator Llaser(ρ) = −γij/2 · ρij, which
describes the dephasing by a light field with a Lorentzian frequency spectrum with a
full width half-maximum (FWHM) of γij. With laser linewidths γp and γc for the probe
and coupling laser, respectively, the Lindblad operator Llaser(ρ) reads
Llaser(ρ) = −12
 0 γpρge γgrρgrγpρeg 0 γcρer
γgrρrg γcρre 0
 . (3.6)
2We only use real Rabi-frequencies here, as by unitary transformation the phase of a complex Rabi-
frequency can be eliminated [Mar07].
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For independently fluctuating probe and coupling lasers, the dephasing of the ground-
to-Rydberg-coherence is given by the sum3 of the two laser linewidths γgr = γp + γc.
In the experiment the coupling laser is stabilized on the two-photon resonance in a
thermal Rubidium vapor cell [Abe09] using the probe laser. Therefore, their frequency
fluctuations can be correlated and the two-photon dephasing γgr can be smaller than
the sum of the two linewidths.
Evaluating the Von Neumann equation with the given Lindblad operators leads to
the optical Bloch-equations (OBEs):
ρ˙gg = −Ωp Im[ρge] + Γeρee (3.7a)
ρ˙ee = Ωp Im[ρge]− Ωc Im[ρer]− Γeρee + Γrρrr (3.7b)
ρ˙rr = Ωc Im[ρer]− Γrρrr (3.7c)
ρ˙ge = −Γgeρge/2 + iΩcρgr/2 + iΩp(ρgg − ρee)/2 (3.7d)
ρ˙gr = −Γgrρrg/2− i (Ωpρer − Ωcρge)/2 (3.7e)
ρ˙er = −Γerρer/2− i (Ωcρrr + Ωpρgr − Ωcρee)/2, (3.7f)
where Im[x] denotes the imaginary part of x and we have defined the rates Γge =
Γe + γp + 2i∆p, Γer = Γe + Γr + γc + 2i∆c and Γgr = Γr + γgr + 2i(∆p + ∆c).
3.1.2 Probe light propagation
To obtain the optical response of the gas, we have to relate the quantum state of the
atoms to the polarizability of the gas. The incoming light fields induce a polarization in
the atoms, which is reflected in their atomic coherences4. The microscopic state of the
atoms is linked to the macroscopic polarisation of the gas by P = na〈dˆ〉 = naTr[ρdˆ],
where na is the the atomic density. Using Maxwell’s equations allows us to derive the
optical susceptibility [Pri11]
χ(∆p) = −2na |deg|
2
ε0~
ρeg
Ωp
= −χ0 ΓeΩpρeg, (3.8)
for a near resonant probe field where ε0 denotes the vacuum permittivity. To separate
the specific medium properties and the dependence of the susceptibility on the laser
parameters, we have defined the constant χ0 = σ0na/k with σ0 = 3λ2/2pi the resonant
scattering cross-section and k the probe wave vector. With typical Rabi-frequencies of
several MHz in the experiment, the atomic evolution reaches steady-state in less than a
microsecond. This allows to work with the steady-state solutions of the OBEs in most
cases.
3For two lasers that fluctuate independently of each other the linewidth of the two-photon transition
is given by the convolution of the two laser line-profiles, resulting in a Lorentzian profile with a
width given by the sum of the two Lorentzian laser linewidths.
4As the dipole operator only couples states with opposite parity, only superpositions of atomic states
carry a dipole moment.
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Figure 3.2: Three- and two-level susceptibility. Real (b) and imaginary (a)
part of the rescaled susceptibility χ/χ0 as a function of the probe laser detuning
∆p in units of Γe. The susceptibility is obtained by the steady-state solution of
the OBEs with Ωc/Γe = 0.3, Ωp/Γe = 0.03, ∆c/Γe = 0, Γr/Γe = 0.005 and laser
linewdiths of γp/Γe = γc/Γe = 0.005 (blue curves). The laser linewidths lead to a
finite absorption on two-photon resonance characterized by χ˜0. For comparison the
red curve shows the susceptibility with the coupling beam off (Ωc = 0).
There are two important cases encountered in the experiment:
(i) Using the steady-solution for ρeg with the coupling beam off (Ωc = 0), we recover
the well known Lorentzian profile for the lower transition
χ2lvl(∆p) = χ0
iΓeΓge
2Ω2p(Γe + γp)/Γe + |Γge|2
(3.9a)
= χ0
Γe(−2∆p + i(Γe + γp))
Ω2p(Γe + γp)/Γe + (Γe + γp)2 + 4∆2p
(3.9b)
(ii) In the presence of the coupling light the optical response of the gas changes
dramatically. The imaginary part of the susceptibility shows a characteristic
double peak structure and has a minimum for ∆p = ∆c which corresponds to
the EIT-resonance. In the case of weak probe light (Ωp  Ωc,Γ), we obtain the
following analytic expression for the susceptibility
χ3lvl(∆p) = χ0
iΓeΓ∗gr
Γ∗geΓ∗gr + Ω2c
(3.10a)
= χ0
iΓe
(Γe + γp − 2i∆p) + Ω2c(Γr+γgr−2i(∆p+∆c))
. (3.10b)
The real and imaginary part of the susceptibility for the two cases as a function of the
probe frequency are shown in Fig. 3.2. For the displayed susceptibilities, the coupling
laser is chosen to be resonant to the upper transition.
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In the experiment, we measure the transmission of the probe beam through the cloud.
To calculate the transmission based on the local optical susceptibility, we propagate
the incoming probe field through the cloud. Using the paraxial approximation and
assuming a stationary probe field5, we can work with the following simple equation for
the amplitude E0p of the probe field
∂
∂z
E0p =
ik
2 χ(z)E
0
p , (3.11)
where z denotes the propagation direction. Looking at Eq.(3.11), one can see that the
imaginary part of the susceptibility leads to absorption of the probe light, whereas the
real part induces a phase shift. In the linear regime, where χ does not depend on Ωp
one can readily integrate Eq.(3.11) and obtain the transmission through the cloud
T = I
I0
= exp
(
−σ0ΓeIm[ρeg]Ωp n2D
)
= exp(−OD) (3.12)
where n2D =
∫
na(z)dz is the two-dimensional column density and OD the optical
density.
3.1.3 Electromagnetically induced transparency resonance
To further understand how a three-level system exposed to two coherent light fields
can be rendered transparent, we investigate the eigenstates of the coupled light-matter
system on two-photon resonance (∆p + ∆c = 0) [Fle05]
|+〉 = sin θ sinφ |g〉+ cosφ |e〉+ cos θ sinφ |r〉 , (3.13a)
|−〉 = sin θ cosφ |g〉 − sinφ |e〉+ cos θ cosφ |r〉 , (3.13b)
|D〉 = cos θ |g〉 − sin θ |r〉 , (3.13c)
where the mixing angles θ and φ are defined as
tan θ = ΩpΩc
and tan 2φ =
√
Ω2p + Ω2c
∆p
. (3.14)
Notably, the eigenstate |D〉 does not contain the excited state |e〉 and is thus immune
to spontaneous decay. For this reason, it is referred to as a dark state. Even though
the two light fields couple this state to the excited state, no population transfer to the
excited state takes place. The two excitation pathways from |g〉 → |e〉 and |r〉 → |e〉
interfere destructively for this particular superposition. Therefore, an atom in this
state is rendered transparent and effectively decoupled from the light fields.
5This is well justified for a collimated probe pulses of several microseconds like in the experiment.
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The remaining two eigenstates contain the excited state and hence can decay into
the dark state by spontaneous emission. Under continuous laser driving, the atoms
therefore accumulate in the dark state by optical pumping. This effect, called coherent
population trapping, was discovered by Alzetta et al. in 1976 [Alz76]. In contrast, in
EIT, atoms that are initially in |g〉 coherently evolve into the dark state. Provided that
the envelope of E0p of the electric probe field rises sufficiently slowly6 the presence of
the strong coupling field leads to an adiabatic rotation of the mixing angle and a loss
free transmission of the probe beam through the medium.
To describe the properties of the EIT-resonance it is convenient to introduce the EIT-
parameter C = Ω2c/Γ0grΓ0ge with the decoherence rates Γ0gr = Γgr(∆p = ∆c = 0) and
Γ0ge = Γge(∆p = 0). EIT is connected to the atoms being prepared in the dark-state
and can only occur if the dark-state is populated faster than the decay Γ0gr of the atomic
coherence. With the rate Ω2c/Γ0ge at which the dark-state is populated, C > 1 is required
for EIT to occur. This condition is similar to the condition for strong coupling in cavity
quantum electrodynamics [Kim98, TS11] and reflects the strong light-matter coupling
under EIT-condition.
On EIT-resonance the imaginary part of the susceptibility, which is connected to the
absorption of the atomic cloud, takes on a minimum value χ0. The spectral width of
the transparency window, which reflects the appearance of the dark state, depends on
the strength of the coupling beam and on the different dephasing rates. In the weak
probe limit and Ωc < Γe the susceptibility on resonance and the spectral width WEIT
(FWHM) can be expressed in terms of C and are given by
χ0 =
1
1 + C χ
0
2lvl (3.15)
WEIT = Γ0gr (1 + C) . (3.16)
This allows to achieve very narrow spectral features that are not limited by the natural
linewidth of the exited state and which can be employed for high precision spectroscopy
or electro- and magnetometry [Sed12, Fle00b].
Interestingly, the real part of the susceptibility which is related to the refractive index
n of the atomic cloud changes rapidly in the EIT-window and shows normal dispersion
on two-photon resonance. This leads to a reduced group velocity
vg =
c
ng
= c
n(ωp) + ωp dndω
(3.17)
where c is the speed of light and ng denotes the group index. Since the change in
refractive index is huge, a probe pulse entering the cloud gets slowed down and com-
pressed [Hau99]. As the width of the EIT window depends on the coupling Rabi-
6The adiabaticity criterion is
√
Ω2p + Ω2c  θ˙ [Fle05].
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frequency, the steepness of the dispersion and accordingly the deceleration of the probe
pulse can be controlled via the coupling beam, even allowing for a complete halt of
the light pulse [Phi01]. This exceptional combination of no absorption in conjunction
with a large dispersion, which can be controlled by optical means, makes EIT an ideal
light-matter interface and sets the basis for many fascinating applications in non-linear
and quantum optics.
3.1.4 Dark-state polaritons
To describe EIT on the level of single probe photons the semi-classical description is
no longer sufficient. Accounting for the quantum-mechanical nature of the probe field
a neat picture arises, in which the incident probe field and the atomic coherence form
coupled excitations called dark-state polaritons [Fle05].
To motivate the appearance of these quasi-particles, we consider a probe pulse trav-
elling through the atomic gas with the coupling beam present [Eis06]. As the front
edge of the pulse enters the medium, it is rapidly decelerated due to the reduced group
velocity. At the same time the trailing edge of the pulse is still outside the atomic
gas and travels at the speed of light in vacuum. This results in a spatial compression
of the light pulse entering the cloud by the ratio c/vg while its photonic amplitude
remains unchanged and its energy is reduced. When entering the cloud, part of the
probe light together with energy taken from the coupling beam prepares the atoms
in the dark state and establishes a coherence between the states |g〉 and |r〉, thereby
altering the state of the atoms. This wave of atomic coherence, which is also referred
to as a spin-wave7, travels alongside the probe pulse through the cloud. At the end of
the gas the process is reversed. The atomic coherence is converted without loss back
into probe photons and the initial light pulse is recovered.
The described strong coupling of the probe light and the atomic coherence leads to
the formation of mixed states of light and matter. In a homogeneous gas, for example,
a single probe photon is coupled to the collective state, that comprises a single Rydberg
excitation shared among all the atoms, and forms a dark-state polariton [Fle02]∣∣∣D(1)〉 = cos θ ∣∣∣g(0), 1〉− sin θ ∣∣∣R(1), 0〉 , (3.18)
where the collective states involving N atoms and the probe field are∣∣∣g(0), 1〉 = |g1, g2, ..., gN〉atomic ⊗ |1〉probe and (3.19)∣∣∣R(1), 0〉 = 1√
N
N∑
j=1
eφj |g1, ..., rj, ..., gN〉atomic ⊗ |0〉probe . (3.20)
7Using the mapping |g〉 → |↓〉 and |r〉 → |↑〉, the wave of atomic coherence can be interpreted as a
spin-wave.
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(a) (b)
Figure 3.3: Single dark-state polariton. (a) Outside the atomic cloud the
polariton is entirely photonic and travels at the speed of light c. Inside the medium
the polariton pulse is compressed and transformed into a combined photonic and
atomic excitation. The matter part bestows the polariton with a non-zero mass
and the polariton travels with reduced velocity vg < c. Leaving the medium the
transformation is adiabatically reversed, recovering the initial probe pulse. The
coupling beam Ωc is not shown. (b) Levels and their couplings involved in EIT with
a single photon in the probe mode coupled to the entire atomic ensemble - see text.
The mixing angle θ which determines the character of the polariton is defined by
tan2 θ = Ng
2
Ω2c
= na σ0cΓeΩ2c
= n˜g (3.21)
with g the Rabi-frequency of a single probe photon, na the atomic density and σ0 the
resonant scattering cross-section for the |g〉 to |e〉 transition. Outside the medium the
mixing angle is zero (as na = 0) and the polariton is entirely photonic as illustrated in
Fig. 3.3. When the polariton enters the EIT-medium the mixing angle is adiabatically
rotated and the polariton acquires a matter part. The matter admixure gives the
polariton mass, resulting in a slow down of the polariton and propagation at a reduced
group velocity
vg =
c
1 + n˜g
≈ c/ tan2 θ, (3.22)
which is proportional to the photonic fraction of the polariton. This deceleration inside
the medium leads to a compression of the polaritons which is accompanied by an
increase in the polariton density. The density of dark-state polaritons
ρ
(0)
DSP =
Ip
~ωpvg
≈ na
Ω2p
Ω2c
. (3.23)
is given by the probe photon density outside the medium I/~ωpc enlarged by the
compression of the pulse inside the cloud by c/vg8. As one can see from Eq. (3.23) the
8To relate the polariton density to the atomic density, we have used the approximate group velocity
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polariton density can be controlled using the laser parameters and the atomic density
which will become important in the case of interacting polaritons.
The states involved in EIT with a single probe photon shown in Fig. 3.3 (b), reveal
an important difference to the single atom dark-state given in Eq. (3.13c). In contrast
to the single atom picture, the polariton describes a collective atomic excitation. The
collective coupling of the probe photon to all atoms in the probe mode leads to a
√
N
enhancement of the atom-light coupling g and an increased mixing angle. In other
words, the probability to find one of the atoms in the Rydberg state is enlarged by a
factor N compared to detecting one particular atom in the Rydberg state. Therefore
under typical conditions in ultracold atom experiments, with densities in the range na =
109 − 1013 cm−3 and coupling Rabi-frequencies on the order of 5MHz, the polaritons
are almost entirely matter-like (cos2 θ ≈ 10−3 − 10−7).
The properties of the atomic states involved can hence be employed to engineer the
properties of the polaritons which are subsequently mapped on the outgoing light field.
This has been used for example to imprint a magnetic moment onto a light field [Kar06]
or to realize giant electro-optical effects based on the large polarizability of Rydberg
atoms [Moh08]. In the Sec. 3.3, we will extend this idea by coupling the light fields to
a strongly interacting Rydberg gas, which leads to qualitatively new effects.
3.2 Experimental study of Rydberg-EIT in an ultracold
gas of 87Rb
In this section we present experiments on Rydberg-EIT in an ultracold atomic cloud
of 87Rb in the low density regime. We combine the spatially resolved detection of
the transmitted probe light with the measurement of the Rydberg population via field
ionisation in a single probe frequency scan. This gives access to the local optical
susceptibility and the Rydberg state population, and allows to obtain the spectral and
spatial properties of the underlying Rydberg-EIT system. Analysing EIT spectra for
thousands of camera pixels in parallel, we deduce the beam profile of the coupling laser,
which is subsequently used to reconstruct the spatial distribution of Rydberg atoms in
the cloud.
3.2.1 Reconstruction of the coupling beam profile and the
Rydberg distribution
The experiments presented here are performed in the low density regime, meaning that
the Rydberg density is small compared to the blockade density. With atomic densities
of a few 109 cm−3 and a blockade radius of Rbl ≈ 3µm for the addressed 37S1/2-Rydberg
state, the expected Rydberg density ρrr na is much less than one per blockade volume
given in Eq. (3.22) together with Ip = ε0c/2(~Ωp/deg)2.
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Figure 3.4: Spatially resolved EIT. (a) Schematic of the experimental setup.
After release from the trap, the atomic cloud (green) is coupled to high-lying Ry-
dberg states under EIT-condition with a probe and coupling laser at 780 nm and
480 nm, respectively. The transmitted probe light is imaged and detected on a CCD
camera. An electrode structure is used for field control as well as for field ionization
of the Rydberg atoms and guiding of the resulting ions onto a micro-channel plate
(MCP) detector. (b) Absorption image of the atomic cloud with the coupling beam
on two-photon resonance. Slightly to the right of the cloud center we observe a
transparent spot as the presence of the coupling renders the cloud transparent.
4/3piR3bl. Therefore, effects of the Rydberg-Rydberg interactions are negligible and the
interplay of the atoms with the light fields is well captured by the single atom picture
outlined in the Sec. 3.1.
The experimental setup is sketched in Fig. 3.4 (a). After the microwave transfer, we
release the atoms from the trap and let the cloud expand to prepare an atomic cloud
with a peak density of na = 3.9×109 cm−3 and axial and radial extent of σax = 420µm
and σr = 158µm, respectively. The probe and coupling beams are counter aligned
and propagate perpendicular to the long axes of the cloud. We apply a homogeneous
magnetic field of 3.8G along the axes given by the two laser beams. The σ−-polarized
coupling beam is focused on a small region of the cloud, whereas the σ+-polarized
probe beam with a waist of 15mm uniformly illuminates the atomic cloud with a
Rabi-frequency Ωp = 2pi × 1.1MHz. The transmitted probe light is imaged onto a
charge-coupled device (CCD) camera. In a single experimental run we take two images
separated by 150ms and with an exposure time of texp = 20µs: one with the atoms and
one without the atoms which we divide to obtain a standard absorption image of the
cloud [Ock10]. Fig. 3.4 (b) shows a typical absorption image of the cloud. The presence
of the coupling beam, which is resonantly driving the transition to the Rydberg state
37S1/2, renders the atoms transparent and manifests as a transparent spot slightly to
the right of the cloud center.
Keeping the coupling laser resonant to the upper transition, we scan the probe fre-
quency. Fig. 3.5 (a) shows the measured optical density (OD) at the center of the region
illuminated by the coupling beam as a function of the probe detuning, which nicely
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Figure 3.5: Measured EIT spectrum. (a) shows the optical density as function
the probe detuning ∆p. The blue data points show the optical density at the center
of the region illuminated by the coupling beam, whereas the red data points display
the response without the coupling beam, which is inferred from the 2D-fit to the
absorption of the atomic cloud excluding the EIT-region. The solid lines are fits
to the data using the optical Bloch-equations. (b) displays the Rydberg population
measured in the same experimental run. The solid line is a calculated spectrum using
the measured distribution of coupling Rabi-frequencies. In comparison, the dashed
line shows the spectrum expected for a homogeneous coupling Rabi-frequency with
Ωc = Ωc,max.
exhibits the expected transparency resonance. To quantify the degree of transparency
in the presence of the coupling beam we use the different regions with and without
the coupling beam of the atomic cloud. First, we fit a 2D-Gaussian distribution to the
absorption image of the cloud excluding the region of the coupling beam to retrieve
the atomic density distribution. Extrapolating the fit to the EIT-region, we infer the
local atomic density as well as the two-level absorption without the coupling beam.
With this information at hand we determine a reduction of slightly above 80% in the
absorption at the center of the coupling beam compared to the two-level response.
Reconstruction of the coupling beam profile
Due to the coupling power dependence of the optical response under EIT-conditions (see
Eq. 3.10b), the transparent spot visible in the absorption images does not necessarily
reflect the beam shape of the coupling beam. In the probe frequency scan we acquire
images of the whole cloud for the different detunings, which carry the information about
the local optical response. We use this to construct a series of EIT-spectra pixel-by-
pixel. Fitting the steady-state solution of the single-atom OBEs to the pixel spectra,
allows us to extract the spatial distribution of coupling Rabi-frequencies on the atoms.
The EIT-region in a typical dataset involves ∼ 104 pixels. This makes it prohibitively
slow to fit pixel-by-pixel. In addition, the signal-to-noise for a single pixel is quite low.
Therefore, we employ a two-step fitting routine, that minimizes the number of free
parameters. In a first step, we use the result of the 2D-Gaussian fit to remove the
linear density dependence of the optical density and to reduce the effect of density
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Figure 3.6: Measured coupling beam profile. (a) displays the reconstructed
distribution of Rabi-frequencies at the position of the atoms. (b) shows cuts along
the major axes of the distribution indicated with white lines in (a). The measured
beam profile, using the atoms as a sensor, reflects the Gaussian beam profile of the
incoming coupling beam.
fluctuations. To determine Ωc for each pixel we assume that γgr and ∆c are global laser
parameters and pixel independent. Using the steady-state solution of the OBEs, we
calculate model spectra corresponding to different Ωc/2pi between 0-10MHz in steps of
0.05MHz. To estimate the local Rabi-frequency we determine the least-square differ-
ence between the pixel spectrum and each model spectrum. The estimation of the local
Rabi-frequencies is embedded in a Nelder-Mead non-linear optimization algorithm to
find the best match for the global parameters. For the scan shown in Fig. 3.5, we extract
a two-photon dephasing γgr = 2pi× 260 kHz, ∆c = 2pi× 0.39MHz and a peak coupling
Rabi-frequency Ωc = 2pi × 2.6MHz which is in good agreement with the estimated
coupling Rabi-frequency using the measured power at 480 nm of 3mW [Dei06, Pri11].
The reconstructed beam profile is shown in Fig. 3.6 and reflects the incoming Gaussian
beam profile. We have also used this method to optimize the quality of a top hat beam
profile [Hof13c] as well as to shape the coupling beam for the experiments presented in
chapter 5.
Reconstruction of the Rydberg distribution
In the same experimental run, we measure the total Rydberg population which can be
directly compared with the results of the optical spectrum fitting. At the end of the
probe laser pulse we switch to an electric field of E ≈ 250V/cm in 250 ns and field ionize
the Rydberg atoms. The resulting ions are detected on a MCP detector as described
in Sec. 2.2.2. Fig. 3.5 (b) shows the measured Rydberg population as a function of the
probe detuning, which exhibits a narrow resonance. In the field ionization process we
detect the Rydberg population in the entire atomic cloud, thereby essentially integrat-
ing the Rydberg atom distribution. Therefore, to match the measured spectrum, one
has to account for the spatial inhomogeneity of the atomic density and the coupling
Rabi-frequency as the Rydberg fraction ∼ Ω2p/Ω2c in the dark-state varies locally. This
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can be accomplished using the reconstructed coupling beam profile and the inferred
local atomic density. Since in the wings of the coupling beam profile the dynamics is
slow and the system does not reach steady state, we introduce a cut-off Rabi-frequency.
The cut-off Rabi-frequency Ωcut ≈
√
Γe/texc corresponds to the minimum coupling
strength, for which the atoms reach steady-state within the exposure time texc. For
Rabi-frequencies smaller than Ωcut we approximate the Rydberg-population as zero.
The spectrum obtained by integrating the inferred local Rydberg population is in good
agreement with the measured spectrum as shown in Fig. 3.5 (b). In comparison, the
spectrum estimated using a homogeneous coupling Rabi-frequency Ωc/2pi = 2.6 MHz
is significantly broader and reduced in amplitude. Both features reflect the scaling of
the Rydberg-fraction ∼ Ω2p/Ω2c and show that the Rydberg population in the wings of
the coupling beam predominantly determines the total Rydberg population.
The combination of optical and population-based probing of coherently driven three-
level atomic systems offers new ways to study phenomena like EIT, coherent population
trapping and can help to elucidate their interrelation. The presented method that al-
lows to characterize in-situ the system parameters like the coupling Rabi-frequency
distribution serves as a valuable tool for the investigation of strongly-interacting many-
body systems and is employed in the experiments presented in the following. Further-
more, as we will see in the next section, by combining optical spectroscopy with field
ionization detection we can obtain nearly full access to the microscopic and macroscopic
properties of Rydberg many-body systems.
3.3 Theoretical description of light propagation in an
interacting Rydberg gas
On the level of single quanta, EIT is characterized by the appearance of dark-state
polaritons which provide an intuitive picture to understand how coupling to strongly
interacting Rydberg states under EIT-condition gives rise to the huge optical non-
linearities which we observe in the experiment. Furthermore, we observe that the
polariton-polariton interactions mediated by their Rydberg component result in strong
correlations of these quasi-particles.
3.3.1 Rydberg-interacting polaritons
In the following, we show how polariton-polariton interactions can be mediated by
coupling to strongly interacting Rydberg states. Due to the nature of the Rydberg
interactions this can lead to highly nonlinear and nonlocal optical effects [Sev11]. On
one-photon resonance, the Rydberg blockade, in which a single excitation shifts the
Rydberg states of atoms within the blockade radius out of resonance, gives rise to
dissipative hard-core interactions between the dark-state polaritons. This is reflected
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Figure 3.7: Interacting Polaritons. (a) Two photons impinge on an atomic
cloud of the size of a blockade volume. Inside the cloud they are compressed due to
the reduced group velocity of the polaritons and start to “overlap”. The Rydberg
blockade effect leads to a polariton blockade and the second polariton is scattered
off the first polariton. (b) shows the states coupled by the light fields with two
photons in the probe mode. Entering the cloud the first photon evolves into a dark-
state polariton, as indicated by the populations in the states |g(0)〉 and |R(1)〉. The
Rydberg-Rydberg interactions VRR shift the collective state |R(2)〉 out of resonance,
which inhibits the formation of the two-photon dark-state inside the cloud. This
effectively breaks the EIT-condition for the second photon, since it is now coupled
to states containing the intermediate state |e〉 which is rapidly decaying.
in the emergence of correlations in both the atomic and the light fields [Gor11, Pet11,
Pey12, Hof13b].
To understand how polariton-polariton interactions arise we provide the following
simple picture: we consider a cloud of the size of the blockade radius and two photons
subsequently impinging on the cloud as illustrated in Fig. 3.7 (a). The first photon
enters the cloud and is converted into a dark-state polariton which propagates freely
through the atomic cloud and is coherently converted back into the original optical
mode upon leaving the cloud. When the second photon enters the cloud it tries to
establish a co-propagating spin-wave to form a dark-state polariton. However, this is
inhibited by the presence of the first polariton. The first dark-state polariton exhibits
a large Rydberg state component, which strongly interacts with nearby atoms. This
interaction shifts the state with two Rydberg excitations |R(2)〉 out of resonance (see
Fig. 3.7 (b)), which would be required to create a second dark-state polariton, effectively
resulting in a polariton blockade (in analogy with the Rydberg blockade). The EIT
condition for the second photon is broken and it is coupled to states containing the
rapidly decay intermediate state. It is no longer dark and scattered from the cloud.
This illustrates how atoms coupled to Rydberg states can act as a non-linear optical
medium operating on the single-photon level, as a single photon inside the medium
dramatically alters the medium properties.
This reasoning can readily be extended to large atomic clouds and arbitrary probe
pulses. As long as the density of dark-state polaritons ρDSP is low enough, the proba-
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bility to find two polaritons within a blockade volume is negligible and the polaritons
propagate without loss through the medium. When the probability to find several po-
laritons in the same blockade volume is significant the excess polaritons are no longer
dark and experience strong scattering. This imposes a critical density of dark-state po-
laritons ρc = V −1bl = (4piR3bl/3)−1, corresponding to one polariton per blockade volume.
Beyond this, the density of dark-state polaritons saturates.
3.3.2 Optical response of the interacting gas
Motivated by the picture of polariton-polariton scattering outlined above we set up a
simple two-component model for the susceptibility to describe the transmission through
the cloud under EIT-condition: the photons that are converted into dark-state polari-
tons propagate in the cloud under EIT-condition with residual susceptibility χ0. In
contrast, the remaining probe photons, which we will refer to as bright polaritons
inside the cloud, are decoupled from the Rydberg state and hence experience the two-
level response χ2lvl of the lower transition. We therefore write the susceptibility as a
weighted combination of the two components
χ = fdark χ0 + fbright χ2lvl (3.24)
with f the fraction of dark and bright polaritons, respectively. This simple two-
component susceptibility is equivalent to the universal scaling relation given by Ates
et al. [Ate11]9 which was obtained using Monte-Carlo simulations and a many-body
rate-equation approach. Our simple model as well as the approach by Ates et al. ne-
glect any effects of the scattering process on the dark-state polaritons. For instance,
the scattering event can lead to a localization of the polariton wave-function which
changes the polaritonic and subsequently the photonic mode of the outgoing photon.
In our model, all the many-body effects are encapsulated in fdark. To determine the
effect of polariton-polariton interactions on the probe transmission, we require a model
to relate this to experimental parameters such as density and intensity. We employ
a simple model based on an excluded volume picture to account for the interactions
between polaritons. Each dark-state polariton in the cloud reduces the available volume
by Vbl, thereby decreasing the probability to convert an incoming photon into a dark-
state polariton. The density of dark-state polaritons ρDSP is hence reduced by (1 −
ρDSP Vbl) compared to the polariton density ρ(0)DSP without interactions (cf. Eq. (3.23))
and we find
fdark =
ρDSP
ρ
(0)
DSP
= (1− ρDSP Vbl) and fbright = 1− fdark. (3.25)
9Using fdark = 1/ (fbl − 1), which relates fdark to the blockade fraction fbl used by Ates et al. and
rescaling the susceptibility χ˜ = χ/χ2lvl, one can readily see that Eq. (3.24) is equivalent to the
universal scaling obtained in [Ate11].
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Figure 3.8: Modelled density of dark-state polaritons and the correspond-
ing optical response. (a) Scaled density of dark-state polaritons as function of the
scaled non-interacting polariton density ρ(0)DSP /ρc. (b) Scaled susceptibility χ/χ2lvl
as a function of ρ(0)DSP /ρc.
We can solve Eq. (3.25) for the density of dark-state polaritons and obtain the scaled
dark-state polariton density
ρDSP/ρc =
ρ
(0)
DSP/ρc
1 + ρ(0)DSP/ρc
(3.26)
which is shown in Fig. 3.8 (a). As expected, for low polariton densities (ρ(0)DSP  ρc) the
polariton density with and without interactions are identical as interaction effects are
negligible. For high polariton densities, the density of dark-state polaritons saturates
as the dark polaritons become densely packed in the cloud. This picture neglects
collective effects which for example reduce Vbl when ρDSP & ρc. Nonetheless, it is an
excellent approximation to the results found by Monte-Carlo simulation [Ate11]. With
the density of dark-state polaritons at hand, we can calculate fdark and using Eq. (3.24)
obtain the susceptibility of the interacting gas
χ = χ˜0 + ρ
(0)
DSP/ρc
1 + ρ(0)DSP/ρc
χ2lvl, (3.27)
where χ˜0 = χ0/χ2lvl is the rescaled susceptibility on EIT-resonance for a non-interacting
cloud. The effect of the excitation blockade on the optical susceptibility is shown
in Fig. 3.8(b): for small polariton densities the optical response is dominated by the
residual absorption on EIT-resonance and shows a non-linear absorption proportional
to ρ(0)DSP. For ρ
(0)
DSP > ρc, which marks the point of strong blockade, the susceptibility
saturates towards the two-level response. This is expected as only a small fraction of
photons will be converted into dark-state polaritons and most of the incoming photons
will be absorbed in this regime. In the next section we present experiments in which we
investigate the Rydberg-mediated optical non-linearity and map out its full dynamic
range.
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3.4 Optical and matter-based probing of interacting
polaritons
Here, we investigate both light and matter aspects of strongly interacting dark-state
polaritons in dense atomic gases involving highly excited Rydberg states. To map out
the non-linear optical response of the atomic gas, we vary the atomic density over
four orders of magnitude. Probing the matter part of the polaritons inside the atomic
cloud, we find that the optical non-linearity is accompanied by reduced fluctuations in
the polariton number when entering the strongly interacting regime.
In the experiment, we prepare a cigar shaped cloud of approximately 5 × 104 87Rb
atoms at a temperature of 5 µK in the optical dipole trap. The experimental setup
is similar to the one described in Sec. 3.2.1. The probe and the coupling light cou-
ple the states |g〉 = |5S1/2, F = 2〉10, |e〉 = |5P3/2, F = 3〉 with a decay rate of
Γe = 2pi × 6.1MHz and the Rydberg state |r〉 = |55S1/2〉 which has a lifetime of
≈ 80 µs [Bet09]. The circularly polarized probe beam uniformly illuminates the atomic
cloud from the side and the transmitted light is imaged onto a CCD camera with
an optical resolution of ≈ 12 µm (Rayleigh criterion). The coupling laser is again
counter aligned to the probe beam. In contrast to the previously discussed experi-
ments in which we worked with a Gaussian coupling beam, here the coupling beam
is passed through a diffractive optical element to create an approximately uniform in-
tensity profile with Ωc = 2pi × 5.1MHz over an elliptical region of ≈ 65 × 130 µm2.
The frequencies of both lasers are tuned to the respective atomic resonances. The
linewidths of the two transitions, including both decay and dephasing terms, are de-
termined in independent measurements as Γ0eg =≈ 6.4 MHz and Γ0gr =≈ 1.7 MHz
for the probe transition and the two-photon transition, respectively. This yields an
EIT coupling parameter C = Ω2c/(Γ0egΓ0gr) = 2.4 and an EIT resonance width of
WEIT = (1 + C)Γ0gr = 2pi × 5.8 MHz. The anticipated blockade radius which is given
by the distance at which the interaction energy matches the half width of the trans-
parency window is Rc = (2C6/WEIT )1/6 ≈ 5 µm with the van-der-Waals interaction
strength C6 ≈ 2pi × 50 GHz µm6. To control the atomic density before pulsing on
the probe light we switch off the optical trap and vary the time-of-flight between 20µs
and 4.5ms. Hereby the peak atomic density along the line-of-sight varies between
na ≈ 1013 − 109 cm−3. This is coupled to a change in the cloud length in the probe
direction between ≈ 2µm and 100µm and a change in the optical density of the cloud
between 3 and 0.1, where the maximum optical density that we observe in the experi-
ment is limited by the optical resolution.
10In contrast to the initial state preparation described in Sec. 2.2.1, in the experiments outlined here
the atoms are not initially prepared in the state |g〉 = |5S1/2, F = 2,mF = 2〉. After the evaporation
the atoms are just repumped and are distributed over the F = 2 manifold. Also, no homogeneous
magnetic field was applied.
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3.4.1 Optical probing of the polaritons
To investigate the effects of the polariton interactions we vary the polariton density
ρ
(0)
DSP . Looking at Eq. (3.23) this can be achieved either by changing the atomic density
na or the intensity of the probe light Ip.
Figure 3.9 shows absorption images of the atomic cloud for three expansion times
corresponding to three different peak atomic densities. For long time-of-flights, cor-
responding to low densities of na . 1010 cm−3, the cloud has expanded considerably
and fallen under gravity. Here, we observe a high degree of transparency, which can
be attributed to the low density of dark-state polaritons. By analyzing the images as
described in section 3.2.1 we retrieve the absorption in the EIT region and extract the
two-level absorption. At low densities, we find that the optical response is linear and
corresponds to a scaled optical susceptibility χ0/χ2lvl = 0.3 ± 0.1. This is consistent
with the expected on-resonant optical susceptibility in the non-interacting EIT regime
χ0/χ2lvl = 1/(1 +C) ≈ 0.29. At densities above na ≈ 1× 1010 cm−3 we start to observe
a decrease in the transparency due to interactions. Above na ≈ 4× 1011 cm−3 the EIT
spot vanishes almost completely.
The full nonlinear optical response as a function of peak atomic density is shown
for two different probe intensities of 5µW/cm2 and 62µW/cm2 in Fig. 3.9 (e). We
observe a transition from transparent to fully absorbing by increasing density. The
observed behaviour resembles the characteristic behaviour predicted for the suscepti-
bility by the two-component model in Sec. 3.3.2 and by full many-body calculations of
the optical susceptibility [Ate11]. For the higher probe intensity, the nonlinearity sets
in for lower densities as expected since the higher incoming photonic flux results in a
higher polariton density.
Fitting the two-component model to the experiment, we find that the effect of non-
linear absorption as the probe light propagates through the cloud must be accounted
for. We simultaneously fit the two-component model to both datasets with a single
critical polariton density as the only free parameter. The fit matches both datasets
well, showing that the intensity scaling of the polariton density is well captured in
the two-component model. The critical density obtained by the fit corresponds to a
critical radius Rc,fit = 8.2µm, which is slightly larger than the anticipated blockade
radius Rc ≈ 5µm, reflecting stronger interaction effects than expected based on the
simple picture presented in Sec. 3.3.2. Considering the simplicity of the two-component
model the agreement is quite remarkable. The observed discrepancy might be due
to the limitations of the two-component model which neglects the long-range tail of
the polariton-interactions and effects of the scattering process on the dark-state po-
laritons. As discussed in Sec. 3.3.2, this might result in a reduced probe transmission
which would mimic stronger interactions. Furthermore, effects of additional density
dependent dephasing are not included in the model [Gär13].
The optical nonlinearity of the Rydberg gas has interesting properties. With the
measured optical density OD > 3 for atomic densities above 5 × 1011 cm−3, we esti-
mate that the presence of a photon propagating through the cloud leads to a conditional
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Figure 3.9: Nonlinear optical response of the Rydberg EIT medium. (a)-
(c), Absorption images of the atomic cloud for three expansion times with a probe
intensity of Ip = 5 µW/cm2 and peak densities corresponding to 5 × 109 cm−3,
5× 1010 cm−3 and 3× 1012 cm−3. The EIT region illuminated by the coupling laser
is indicated by white ellipses. The measured optical density (d) and the absorption
scaled to the two-level response are shown as a function of peak atomic density for
two different probe intensities: 5µW/cm2 (blue triangles) and 62µW/cm2 (green
diamonds). The dotted horizontal line shows the expected low density EIT absorp-
tion due to the finite laser linewidths. The solid lines are a fit to the data using the
hard-sphere model with a single ρc as the only free parameter for both curves.
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absorption of >95% for subsequent photons. This is expected to lead to strong correla-
tions in the outgoing probe field and might allow to create quantum many-body states
of photons such as crystals or trains of single photons [Gor11]. So far the conditions
in our experiment are not ideal to investigate these states as the single photon absorp-
tion (without interactions) in this density regime is ≈ 60%. Therefore, most of the
photons that propagate under EIT-conditions are absorbed, hindering the observation
of these photonic many-body states. The single photon absorption is determined by
the residual absorption on EIT-resonance which is mainly limited by laser linewidths
in our experiments. These have been improved by a factor of about 10 since perform-
ing the experiments, opening the possibility to investigate these phenomena in future
experiments.
3.4.2 Matter-based probing of the polaritons
In our experiments, the dark-state polaritons are almost entirely matter-like. For the
given conditions the polariton mixing angle θ → pi/2 and the photonic admixture of
the polaritons becomes very small with cos2(θ) ≈ 10−3− 10−7 in Eq. (3.18). Therefore,
measuring the Rydberg population serves as a projective measurement of the number
of polaritons inside the cloud. Since the outgoing light field and the polaritons inside
the Rydberg medium are non-trivially connected, measuring the dark-state polaritons
inside the medium, which is done here for the first time, reveals new aspects of this
strongly coupled light-matter-system. As the focus of this thesis lies on the effects of
Rydberg-Rydberg interactions on the light field, only a summary of the findings of the
matter based probing of the polaritons is given here. Further details can be found
in [Hof13b].
We measure the polariton number inside the cloud by field ionization and subsequent
detection of the individual ions on a MCP detector with high time resolution and near
single particle sensitivity (cf. Sec. 2.2.2). This allows us to follow the polariton pulse in
time as it propagates through the medium. In the low density regime, the probe pulse
is mapped one-to-one onto the atoms and the observed dynamics of the polariton pulse
is well described using the optical Bloch equations. To get into the regime of strong
polariton-polariton interactions, we increase the atomic density. For high atomic den-
sities we expect the polaritons to be densely packed and strongly correlated. Even
though we cannot spatially resolve the polaritons in the experiment, which would allow
to directly observe these correlations, the statistics of the polaritons can reveal the
presence of polariton-polariton correlations. To obtain the polariton distribution we
repeat the experiment many times and in each experimental run determine the num-
ber of detected ions. For low densities, the measured distribution shows Poissonian
fluctuations reflecting the fluctuations of the incoming coherent light field [Scu97]. For
high atomic densities, the polariton pulse gets delayed and we observe a significant
narrowing of the measured ion distribution. This can be understood by examining the
density of dark-state polariton ρDSP shown in Fig. 3.8 (a): for large atomic densities
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corresponding to large ρDSP0 , the polariton density saturates. Because of this satura-
tion, fluctuations in ρDSP0 or equivalently in the incoming probe field result in strongly
reduced fluctuations of the density of dark polaritons. Reduced polariton fluctuations
as observed in the polariton statistics reveal the emergence of spatial and temporal
correlations among the polaritons [Ate09].
3.4.3 Interplay of photonic and atomic correlations
As mentioned earlier, in contrast to the non-interacting case it is not possible to relate
the observed atomic correlations to the correlations in the outgoing light. Without
interactions the quantum state of the light field is mapped one-to-one onto the polari-
tons and vice versa [Fle00a]. In the presence of polariton interactions no such general
mapping between the correlations on the outgoing light field and the atomic correla-
tions exists, as the following two examples illustrate. In a dense but optically thin
medium, excess photons may not be efficiently scattered out of the forward direction
thereby yielding almost classical fluctuations on the outgoing light field, despite the
presence of strong atomic correlations. Alternatively, outside of the blockaded regime,
spin-wave dephasing due to atomic interactions can significantly alter the statistics of
the emitted light [Dud12b, Dud12a, Bar12], even though the atomic correlations could
remain nearly classical.
Therefore, we also attempted to measure photonic correlations of the transmitted
probe light. The simple picture outline in Sec. 3.3.1 implies that in the regime where the
blockade radius is on the order of the absorption length or larger the polariton-blockade
leads to anti-bunching of the outgoing photons. This would be reflected in a reduction
of the second-order intensity correlation function g(2)(τ = 0). Looking at the probe light
transmitted through a region of the atomic cloud with a diameter of 5µm, we measured
the intensity correlation function in a Hanbury-Brown-Twiss type experiment [Bro56],
but did not observe a reduction in the intensity correlation function. Probably the
main reason for the lack off reduction in g(2)(τ = 0) is our limited optical resolution of
12µm, which leads to photons coming from different blockade regions being detected at
the same position in the imaging plane. With an improved optical resolution combined
with addressing Rydberg states with higher principal quantum number this can be
overcome in future experiments.
3.4.4 Perspectives
The presented experiments provide a direct observation of strongly-interacting dark-
state polaritons realized using EIT in an ultracold Rydberg gas. We observe strong
polariton-polariton interactions through the density and intensity dependent optical
response of the atomic gas and the polariton counting statistics, which become signifi-
cantly sub-Poissonian at high densities, reflecting the emergence of spatial and temporal
correlations between polaritons.
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Only recently, photonic correlations have been observed in the second order intensity
correlation function g(2)(τ) of light retrieved from small Rydberg ensembles [Dud12b,
Max13], and via light propagation through dense atomic clouds under Rydberg-EIT
conditions [Pey12]. In our experiments, which can also be interpreted as Rydberg
dressing of photons, in which photon-photon interactions are mediated by the Rydberg
state admixture, also the out-going probe field is expected to be strongly correlated.
So far, we could not observe the expected anti-bunching of the outgoing probe photons.
Most likely, the two main limiting factors in the presented experiments are the optical
resolution as well as the residual single photon absorption. These limitations can be
overcome in future experiments by coupling to Rydberg states with higher principal
quantum numbers and improving the optical resolution. For instance, with a principal
quantum n = 100 the blockade radius increases to ≈ 15µm. This is much larger
than the optical resolution of our imaging system which has recently been improved to
below 5µm (Rayleigh criterion) [Hel13]. The larger blockade radius not only reduces
the requirements on the optical resolution but at the same time can, depending on the
cloud shape, increase the optical depth per blockade volume, thereby also enhancing the
conditional absorption. With the installation of a new laser system, we have reduced
the two-photon linewidth by a factor of about 10, which reduces the single photon
absorption from 60% in the presented experiments down to 9%. Currently, we are
setting up an ultrastable cavity to even further reduce the laser frequency fluctuations.
This is expected to double the count-rate of transmitted photons which will facilitate
the observation of photon correlations in future experiments.
By detuning from the intermediate state, the dissipative character of the polariton-
polariton interactions could be suppressed while maintaining the huge non-linearities
which would give rise to coherent photon-photon interactions. In a very recent exper-
iment, it was shown that these coherent interactions can lead to attractive photon-
photon interactions which favour pair-wise propagation of photons through the cloud
and was observed as bunching of the outgoing photons [Fir13]. The large single photon
nonlinearity gives complete control over the photon-photon interactions. This might al-
low to create and study novel photonic many-body states like photonic crystals [Cha08]
or trains of single photons [Poh10, Gor11]. In addition, it opens fascinating possibil-
ities to realize deterministic manipulation of photons for quantum information sci-
ence [Gor11, Pri13].
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This chapter is based on the following publication:
Interaction Enhanced Imaging of Individual Rydberg Atoms in Dense Gases
G. Günter, M. Robert-de-Saint-Vincent, H. Schempp, C.S. Hofmann,
S. Whitlock, M. Weidemüller
Physical Review Letters 108,013002 (2012)
The ability to prepare and probe individual quantum systems in precisely controlled
environments is a driving force in modern atomic, molecular and optical physics. Ma-
nipulating single atoms [Mes96], molecules [Moe07] and ions [Lei03], for example, is
becoming a common practice. At the heart of these experiments are powerful imaging
techniques, which have taken on great importance in diverse areas, such as chemi-
cal sensing and chemical reaction dynamics [Bet93, Xie94], probing superconducting
materials [Yaz97, Pan00], and for quantum logic and quantum information process-
ing [Sch04, Nel07, Häf05]. Recently, new single atom and single site sensitive imaging
techniques for optical lattices have opened the door to control and probe complex
many-body quantum systems in strongly correlated regimes [Ger08, Bak09, Wei11].
The usual approach to detect single particles is to measure the fluorescence or ab-
sorption of light by driving a strong optical cycling-transition. Weak or open transitions
present a difficulty since the maximum number of scattered photons becomes greatly
limited. In the case of long lived states of trapped ions, electron shelving has been used
as an amplifying mechanism in order to directly observe quantum jumps [Nag86]. An-
other approach involves the use of an optical cavity to enhance the interaction of atoms
with a light field [Boc10, Geh10, Bra11]. This makes it possible to reach single-atom
sensitivity, but usually at the expense of greatly reduced spatial resolution.
Here, we propose a new approach to imaging individual particles by exploiting their
interaction with a bath of easily interrogated probe atoms. Interactions alter the prop-
erties of a strong optical transition for many probe atoms within a critical radius,
thereby providing two mechanisms which greatly enhance the effect of a single impurity
on the light field. As a probe we consider interaction-induced shifts of highly polarizable
Rydberg states of a dense atomic gas resolved via a narrow electromagnetically induced
transparency resonance. Even though the Rydberg states are barely populated, the
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EIT resonance is extremely sensitive to their properties [Moh07, Wea08, Pri10, Tau10].
Thereby EIT provides the means to obtain a strong absorption signal and great sen-
sitivity combined with high spatial resolution which as we will outline in this chapter
allows for detecting individual impurities.
We exemplify our scheme for the specific case of imaging many-body states of
strongly-interacting Rydberg atoms which act as impurities in a quasi-two-dimensional
atomic gas as schematically depicted in Fig. 4.1. After introducing the basic principles
of the proposed imaging technique and discussing the influence of different noise sources,
we present simulations including the effects of experimentally relevant noise sources to
demonstrate the potential of the proposed imaging method. The performed simula-
tions show that non-destructive single-shot optical images of Rydberg atoms with high
resolution and enhanced sensitivity can be obtained. We show in particular that this
will provide immediate experimental access to spatial correlations in recently predicted
crystalline states of highly excited Rydberg atoms [Wei08, Poh10, Sch10a, Bij11]. In
contrast to field-ionization, the presented approach does not destroy the many-body
Rydberg state and should also allow for the study of the time evolution of a single
sample.
4.1 State of the art Rydberg imaging techniques
Traditionally Rydberg atoms are field ionized and the resulting ions are subsequently
detected. This is inherently destructive, has relatively poor overall detection efficiency,
and typically provides no spatial resolution. As a result, much of the investigations on
ultracold Rydberg gases done so far, such as the scaling laws for excitation [Löw09],
excitation statistics [Lie05, Amt10, Vit11] and light-matter interactions [Moh07, Wea08,
Pri10, Sch10b], have been restricted to the study of cloud averaged properties. Whereas
these experiments inferred the presence of the microscopic correlations from a change
in the ensemble properties, they could not reveal the exact underlying microscopic
structure of the gas. This is now changing with the first techniques being demonstrated,
that allow for spatially resolved detection of Rydberg atoms. These techniques can be
grouped depending on the atoms they work for namely alkali and earth-alkali atoms,
and are briefly reviewed in the following.
The first experiment to show spatially resolved detection of single Rydberg atoms was
performed by Schwarzkopf et al. [Sch11]. In their experiment, Schwarzkopf and co-
workers combined the established technique of field ionization with techniques employed
in field-ion microscopy. To spatially resolve the ions created in the field ionization
process, an ionization electrode with a small, round tip is place only a few hundred
micrometers from the atoms. The tip is switched to a high voltage, producing strongly
diverging electric field lines at the position of the atomic cloud. The Rydberg-ions
are subsequently extracted along these diverging field lines towards a two-dimensional
MCP detector, thereby magnifying the initial spatial distribution of Rydberg atoms
considerably. Using this technique Schwarzkopf et al. achieve a spatial resolution of
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3.5µm in their experiments which allowed them to observe spatial correlations in the
Rydberg gas and to directly measure the blockade radius.
An optical approach for detecting single Rydberg-atoms with high sensitivity was
demonstrated by Schauß et al. using high-resolution fluorescence imaging [Sch12]. Af-
ter excitation of the Rydberg atoms, the atoms in the ground state are removed with
resonant laser light, which is followed by de-excitation of the Rydberg atoms via stim-
ulated emission to the first excited state. From there, the atoms rapidly decay to the
ground state and are captured in an optical lattice. Using high-resolution fluorescence
imaging the positions of the atoms are detected with a spatial resolution of ∼ 0.5µm
given by the lattice spacing [Wei11]. This allowed Schauß et al. to directly observe
microscopic crystalline structures in small Rydberg ensembles. The single particle de-
tection efficiency in their experiment of ∼ 75 % is quite high and mainly limited by the
lifetime of the Rydberg state.
With a second valence electron, earth-alkali atoms offer alternative approaches to
detect atoms with one electron in the Rydberg state. One way is to exploit auto-
ionization of the Rydberg atoms upon excitation of the remaining core electron. With
one electron in a Rydberg state with low angular momentum, excitation of the second
core electron leads to rapid and efficient auto-ionization on a time scale of ∼ 100 ps.
Lochead et al. used this auto-ionization mechanism as a local probe to sense the
position of the Rydberg atoms [Loc13]. Scanning a tightly focused excitation beam
across the atomic cloud they mapped out the position of the Rydberg atoms with a
spatial resolution of 10µm by detection of the auto-ions which were extracted by a
small electric field.
Besides using the second electron to trigger auto-ionization processes, the remaining
valence electron also allows to implement established optical detection techniques such
as absorption or fluorescence imaging as was demonstrated by McQuillen et al. [McQ13].
Since the used optical transitions are in the near UV, this should in principle allow for
good spatial and temporal resolution. To circumvent auto-ionization processes the
Rydberg atoms have to be excited or transferred to high angular momentum states
such that the wavefunction overlap of the two valence electrons remains negligible. In
the experiments performed by McQuillen et al., this was accomplished using a dilute
ultracold neutral plasma, where the collision of plasma electrons promoted the Rydberg
atoms to states with high angular momentum.
4.2 Basic principle of interaction enhanced imaging
Our imaging technique is based on the interactions of Rydberg impurities |i〉 with a bath
of surrounding probe atoms. Fig. 4.1 illustrates the basic situation that we envisage.
The presence of a Rydberg impurity causes an energy shift U = ~C6/|d|6 for the probe
Rydberg state |p〉 of nearby atoms, where d is the distance from the probe atom to
the Rydberg impurity and the interaction coefficient C6 reflects the sign and strength
of the impurity-probe interactions. This level-shift, which reflects the presence of the
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coupling
probe
Figure 4.1: Scheme for imaging individual impurities within a dense
atomic gas. Impurities (orange spheres) are embedded within a dense two-
dimensional atomic gas of probe atoms (green spheres). The probe atoms are cou-
pled under EIT-condition to a probe Rydberg state |p〉 via two coherent light fields
characterized by the Rabi-frequencies Ωp and Ωc. This renders the atoms far from
any impurity transparent for the probe light which is resonant to the lower transi-
tion. However, strong interactions with an impurity lead to a frequency shift U of
the resonance within a critical radius Rip, making the probe atoms in this region
strongly absorbing. The change in absorption properties of many probe atoms sur-
rounding an impurity makes it possible to map the position of the impurities onto
the absorption profile of the probe laser allowing to image the impurities.
Rydberg impurity, is mapped onto the light field using an EIT-resonance involving the
probe Rydberg state |p〉. Subsequent detection of the light field allows to reveal the
impurity. The concept of our technique is related to an idea by Müller et al. which
proposes that a single Rydberg atom could control the optical transfer of an ensemble
of ground state atoms between two ground states using the Rydberg blockade [Mül09].
State-selective imaging of the atoms after the state-transfer could also be employed for
detection of the Rydberg atom [Olm11].
To image the Rydberg impurities we consider the case of resonant driving (∆p =
∆c = 0)1. Far away from any impurity, the probe Rydberg state |p〉 is unshifted and
the probe atoms evolve into the dark-state |D〉 ∝ Ωc|g〉 −Ωp|p〉, which decouples from
the light field and the atoms become transparent as described in Sec. 3.1.3. In contrast,
in the vicinity of an impurity the strong impurity-probe interactions shift the probe
1Resonant coupling (∆p = ∆c = 0) provides the maximum contrast while maintaining the smallest
probe Rydberg population.
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Figure 4.2: Imaginary part of the susceptibility depending on the distance
to the impurity (a) Im[χ˜] as a function of probe detuning for Ωc = 1, Γp = 0.006,
γp = 0.04, γgp = 0.04 and ∆c = 0 (in units of Γe) for three distances d from the
Rydberg impurity. The solid red line shows the case d→∞, the dashed green line
corresponds to d = Rip and the dotted blue line is for d = Rip/2. (b) Im[χ˜] as a
function of distance from the Rydberg atom with ∆p = 0.
Rydberg state which breaks the EIT-condition and leads to strong absorption on the
probe transition. Hence, spatially resolved detection of the transmitted probe light
reveals the positions of the impurities.
To describe the effect of an impurity Rydberg atom on the probe light field prop-
agating through the atomic gas under EIT-conditions, we follow an approach based
on the three-level OBEs outlined in Ch. 3. The interaction of an impurity with the
surrounding probe atoms is incorporated as an additional spatially dependent energy
shift ∆c → ∆c + C6/|d|6 of the probe Rydberg state. In general, one should also ac-
count for interactions between atoms in the probe Rydberg state |p〉, but these only
play a role if the population in |p〉 state is on the order of one per blockade volume
(see Sec. 3.3.1). For Ωp  Ωc the population in |p〉-state is small and these effects can
be neglected which we will assume in the following. We include spontaneous decay
from the intermediate and the probe Rydberg states as well as laser linewidths using
the Lindblad formalism (cf. Sec. 3.1.1). Using the steady-state solution for the density
matrix we solve for the susceptibility of the lower probe transition which reflects the
effect of the impurities on the outgoing probe field. In the weak probe limit, the scaled
susceptibility reads (see Eq. (3.10b))
χ˜(∆p, d) =
χ
χ02lvl
= iΓe
(Γe + γp − 2i∆p) + Ω2cΓp+γgp−2i(∆p+∆c+C6/|d|6)
. (4.1)
where χ02lvl denotes the absolute value of the on-resonant two-level susceptibility.
The imaginary part of the scaled susceptibility χ/χ02lvl which is proportional to the
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probe absorption is shown in Fig. 4.2 for different laser parameters and for different
distances d to a Rydberg impurity. Far from the influence of the Rydberg impurity
(d→∞), the susceptibility takes on the characteristic shape with vanishing absorption
on resonance as discussed in Sec. 3.1.3. For smaller distances, the EIT resonance shifts
due to interaction induce level shift of the |p〉 state and the on-resonant absorption starts
to increase. For d→ 0, the excited states |p〉 become far detuned and the background
atoms effectively act as two-level systems. In this case, the usual Lorentzian lineshape
is recovered with maximum absorption on resonance.
From Eq. 4.1 and taking ∆p = ∆c = 0, we find the distance dependent susceptibility
Im[χ˜] ≈
(
1+(d/Rip)12
)−1
where we have defined a critical distance Rip = (2C6Γe/Ω2c)1/6
at which Im[χ˜] reduces to half its maximum value. This critical distance reflects the
point where the interaction shift matches the half width of the transparency win-
dow. As we can see in Fig. 4.2 (b) the susceptibility is almost constant for d < Rip
and sharply drops around Rip to its value without interactions. Hence, for a two-
dimensional atomic gas with a density n2D, the presence of a Rydberg atom essentially
triggers N = n2DpiR2ip  1 atoms each with an absorption cross-section ∼ λ2 to scatter
many photons, thereby producing a dark shadow on the probe beam. Since for typical
experimental parameters N ≈ 50, and Rip ≈ 1 µm which is comparable to experimen-
tally accessible optical resolutions, the spatially resolved probe absorption provides an
excellent signature for the presence of a single Rydberg atom within a dense gas.
4.3 Optimal parameters
To apply this scheme to real experiments one also has to analyze the influence of noise.
The quality of an absorption image, which we will use to image the Rydberg impurities,
will be degraded by intensity noise of the probe light and by intrinsic atomic density
fluctuations. Since the EIT scheme relies on relatively weak probe intensities, and the
number of ground state atoms in close proximity to a Rydberg impurity may be small,
it is advantageous to find the parameters which will minimize the influence of imaging
noise.
To locate a Rydberg atom in an image and to estimate its position we define a
measure
∆T =
N
(A)
ph
N
(A)
ref
− N
(B)
ph
N
(B)
ref
, (4.2)
which reflects the difference in transmission (or equivalently absorption) of probe light
between two regions of an image denoted A and B. We will employ this measure to
quantify the signal-to-noise of the imaging technique. We consider the case with a
Rydberg atom located in region A and B serves as a background region. To accurately
estimate the position of the atom from the absorption image one must account for
the noise in both the region of the atom (A), but also in the background region (B).
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N
(A/B)
ph is the total photon number detected in each region which is proportional to the
number of counts of the CCD camera in the experiment. For the following analysis we
assume a quantum efficiency ≈ 1. In the experiment, we take reference measurements
with N (A/B)ref ≈ Nref in the absence of atoms, that can be used to normalize out small
spatial variations of the probe laser. Assuming Ng absorbing atoms in each region
Nph = Nref T ≈ Nref exp (−sNgIm[χ˜]), where we have expressed n2D in Eq. (3.12)
as Ng/a with a the area of the region and we have defined s = σ0/a. The optical
susceptibility χ˜ depends on the laser detunings, intensities and on the proximity to a
Rydberg atom as discussed in the previous paragraph. With a Rydberg atom located
in region A, Im[χ˜A] > 0 and we expect ∆T < 0.
The precision with which an estimate of ∆T can be obtained is given by
var(∆T ) ≈ var(Nref )〈N
(A)
ph 〉2 + var(N (A)ph )〈Nref〉2
〈Nref〉4 (4.3)
+
var(Nref )〈N (B)ph 〉2 + var(N (B)ph )〈Nref〉2
〈Nref〉4
where we have propagated the variance2. Both intensity and atom number fluctuations
are accurately described as Poissonian processes and var(Nref ) = 〈Nref〉 as well as
var(Ng) = 〈Ng〉. Using the propagation of variances once more we find var(N (A)ph ) ≈
〈TA〉2 var(Nref ) + 〈Nref〉2 var(TA) with var(T ) = s2Im[χ˜A]2〈TA〉2〈Ng〉. Eq. (4.3) can
then be expressed as
var(∆T ) = 2〈TA〉
2
〈Nref〉 +
2〈TB〉2
〈Nref〉 (4.4)
+ s2〈Ng〉
(
Im[χ˜A]2〈TA〉2 + Im[χ˜B]2〈TB〉2
)
.
The first two terms can be attributed to photon shot noise in the images while the last
term is associated with atom number fluctuations. In the background region B the
atoms are driven under EIT-condition and Im[χ˜]B ≈ 0. In the region of the impurity
the and optical response including saturation and neglecting laser linewidths is given
by Im[χ˜]A = Im[χ˜]max = Γ2e/(Γ2e + Ω2p). In the limit of strong absorption 〈TA〉  1,
2For a quantity f(a, b) which depends on two random variables the variance is approximately given
by [Ock10]
var(f) ≈
(
∂f
∂a
)2
var(a) +
(
∂f
∂b
)2
var(b) + 2∂f
∂a
∂f
∂b
cov(a, b)
where the partial derivatives are evaluated at the mean values 〈a〉 and 〈b〉. Also the average of f
is interpreted as 〈f〉 = f (〈a〉 , 〈b〉) in the following. If the two variables are uncorrelated, as it is
the case for Nph and Nref , the covariance cov(a, b) vanishes.
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which yields the best signal-to-noise ratio, we find
var(∆T ) ≈ 2/〈Nref〉+ s2〈Ng〉Im[χ˜]2max exp (−2s〈Ng〉Im[χ˜]max). (4.5)
This suggests that var(∆T ) can be made arbitrary small for large 〈Nref〉 and large
〈Ng〉. However, to ensure that ensemble-ensemble interactions can be neglected sets
an additional constraint. To neglect these interactions we require that the polariton
density ρ(0)DSP ≈ Ng/a · Ω2p/Ω2c ≤ (piR2pp)−1 where Rpp defines the range of probe-probe
interactions (see Sec. 3.3.1). This is equivalent to constraining the number of atoms
in the probe Rydberg state |p〉 within a the radius Rpp to . 1. Taking Ng to be the
number of ensemble atoms within a disk of radius Rpp implies Ng . Ω2c/Ω2p. Above
this critical number, the susceptibility in the background region starts to increase from
its minimum value as discussed in section 3.3.1 thereby reducing the contrast between
the two regions. This constraint imposes a relationship between the maximum density
of probe atoms and the maximum probe intensity 〈Nref〉 ≤ Ω2cτ/σ0n2DΓe, with the
exposure time τ . Taking the maximum value of 〈Nref〉 and expressing it in terms of
n2D the variance becomes
var(∆T ) = 2σ0Γen2DΩ2cτ
(
1 + Ω
2
cτσ
2ΓepiR2pp
Im[χ˜]2max exp (−2σ0n2DIm[χ˜]max)
)
(4.6)
with Im[χ˜]max ≈
(
1+2 Ω2c/Γ2en2DpiR2pp
)−1
. To find the optimal atomic density nopt2D and
probe intensity for fixed Ωc and τ one can now numerically maximize the signal-to-noise
ratio using Eq. (4.6).
In general, the maximum signal-to-noise ratio is achieved for large coupling strengths
Ωc and long exposure times τ . In practice however, these will be limited by the available
laser power and by the required time resolution, which has to be short compared to the
typical lifetime of a Rydberg atom (∼ 100 µs). In the following, we simulate imaging of
87Rb Rydberg-impurities in the state |i〉 ≡ |55S〉 and using the state |p〉 ≡ |28S〉 as the
probe state. Assuming Ωc = 2pi× 50 MHz and τ = 10 µs, we find nopt2D = 50µm−2. The
additional effects of finite laser linewidths tend to increase ρpp slightly for the same Ωp
which leads to a shift of the optimum density to slightly lower values. Including this
effect yields an optimal density nopt2D ≈ 40µm−2.
4.4 Simulations
To show the potential of our imaging scheme we carry out numerical calculations of the
EIT imaging process on simulated distributions of Rydberg atoms excited from a quasi-
2D ideal gas. This situation can be realized experimentally e.g. by laser excitation
of an ultracold atomic cloud initially confined in an optical dipole trap made from
cylindrically focused Gaussian beams.
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4.4.1 Rydberg excitation
To simulate the excitation of Rydberg impurities by a chirped laser pulse we em-
ploy a simple semi-classical model. We start from a randomly distributed, ther-
mal gas of 25 000 87Rb atoms in their atomic ground state with a peak density of
n2D = 40 atoms/µm2 and a cloud radius of σ = 10µm. Each atom is treated as a
point-like classical particle which can be in either the electronic ground state or in the
Rydberg impurity state |i〉 ≡ |55S〉. In the impurity Rydberg state the atoms show
isotropic van der Waals interactions with a C6 = 2pi × 50 GHz µm6 [Sin05].
In the simulation the excitation laser is swept from 0 to +200 MHz within 6µs with an
effective Rabi frequency of Ω = 2pi × 2.0MHz. During the excitation sweep each atom
can undergo a transition to the impurity Rydberg state. The transition probability
is estimated using the Landau-Zener formula for a sweep through an avoided crossing
[Wit05]. The effect of Rydberg-Rydberg interactions causes level shifts for the nearby
atoms which subsequently alters their probability to be excited by the laser pulse,
giving rise to strong spatial correlations.
The simulation starts with zero detuning for the excitation laser and one atom is
chosen at random to start in the Rydberg state. In the next time step the laser
frequency is varied according to a fixed sweep rate, and we calculate all level shifts
due to Rydberg-Rydberg interactions. From the atoms which crossed the resonance
condition in the previous timestep we randomly select newly excited atoms based on
their Landau-Zener probabilities. Any successful excitation immediately influences all
other surrounding atoms. This is reflected in the simulated distributions in terms of the
excitation blockade effect. For each time step we also solve the Newtonian equations
of motion of the Rydberg atoms to account for their interparticle mechanical forces.
The ground state atoms are assumed to be frozen and their motion is not included in
the simulation. The simulation returns a list of the final coordinates of all the ground
state and Rydberg atoms within the gas after the laser sweep. These coordinates are
then used as inputs to calculate the corresponding absorption image.
4.4.2 Imaging process
We calculate absorption images of the simulated Rydberg distributions by numerically
solving the optical Bloch equations for the probe atoms at each spatial position while
accounting for the level-shifts produced by all Rydberg atoms. We assume the atoms
are nearly stationary during the imaging process which requires temperatures below
≈ 10 µK which are readily achieved in experiments. From the mean intensity at each
pixel, we generate Poisson distributed photon-shot noise. Similarly, a reference image
is generated with uncorrelated noise for background division.
Fig. 4.3 shows calculated single-shot absorption images without and with the coupling
laser. Each pixel corresponds to a region of (0.5µm)2 in the plane of the atoms and
we assume an exposure time of 10µs. The effect of finite optical resolution in the
experiment is accounted for assuming a numerical aperture of NA = 0.25. For the
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Figure 4.3: Simulated absorption images of atom distributions including
photon shot noise and atomic density fluctuations. (a) Without the coupling
beam (Ωc = 0), a regular absorption image of the probe atoms is obtained. The color
code indicates absorption.(b) With the coupling on the probe atoms are rendered
transparent, except for those in the vicinity of a Rydberg impurity. The positions of
the Rydberg impurities are clearly identified bright spots in the absorption image.
Parameters of the simulation are given in the text.
probe atoms, we take the 87Rb states |5S1/2, F = 2,mF = 2〉 for the ground state,
|5P3/2, F = 3,mF = 3〉 for the intermediate state and |p〉 ≡ |28S〉 for the probe
Rydberg state. The used decay rates are Γe = 2pi×6.1 MHz and Γp ≈ 2pi×10 kHz and
for the coupling laser we assume Ωc = 2pi × 50MHz. Laser linewidths of 2pi × 1MHz
were assumed for both probe and coupling lasers. The interaction coefficient between
|55S〉 and |28S〉 states was calculated as C6(28S − 55S) = −2pi × 8.7 MHzµm6 giving
Rip = 0.59µm. Interactions between background atoms are taken as C6(28S − 28S) =
2pi × 10.1 MHzµm6 (R′c = 0.61µm). Based on the analysis presented in Sec. 4.3, we
choose n2D ≈ 40 atoms/µm2 which gives the optimal signal-to-noise ratio. The probe
Rabi-frequency (Ωp = 2pi×5.8MHz) is chosen such that probe-probe interactions can be
neglected. Such parameters are readily achieved in current experiments with quasi-2D
atomic gases [Gör01].
In the background region of the image, the signal is dominated by photon-shot noise,
while at the center atom-shot noise dominates. With the coupling laser on, the probe
atoms are rendered mostly transparent, except for the regions of high absorption around
each Rydberg atom (Fig. 4.3(b)). The locations of the individual Rydberg atoms are
clearly resolved in the image as bright (absorbing) spots with a spatial extent of 2.3 µm
FWHM comparable to the assumed optical resolution. Higher resolutions can easily be
envisaged considering state-of-the-art atom imaging systems [Bak09, Wei11] with the
fundamental limit given by the density of background atoms surrounding the impurities
which is constrained by the probe-probe interactions and the achievable laser couplings.
64
4 Interaction enhanced imaging: A proposal
The signal-to-noise ratio of our images is sufficiently high that we can fit the position
of each Rydberg atom with subpixel precision.
4.5 Extracting spatial correlations
Of particular interest for current experiments is the possibility to observe strong spatial
correlations between Rydberg atoms induced by interactions in an otherwise disordered
gas [Rob05, Amt10, Wei08, Poh10, Sch10a, Bij11]. In the following we investigate
the nature of the spatial correlations in our simulated Rydberg ensembles as well as
how much information on long-range correlations can be obtained using the presented
imaging technique.
From the simulated images, we see that the distribution of Rydberg atoms appears
highly-correlated, reproducing some of the features of a full quantum mechanical treat-
ment [Poh10]. To characterize the translational order of the simulated Rydberg distri-
butions, we use the pair distribution function from the absorption images A(r):
G2[A](r) =
∫
d2r′ A(r′)A(r′ + r)
(
∫
d2r′ A(r′))2
. (4.7)
To account for the inhomogeneous density and finite size of the system we normalize the
pair distribution function, g(~r) = 〈G2[A]〉/G2[〈A〉], where the brackets reflect averages
over independent realisations. For a random distribution of atoms g(r) ≈ 1. Larger
correlation values indicate an enhanced probability to find two Rydberg atoms at a
given separation, while lower values indicate the absence of pairs.
Fig. 4.4 shows the pair distribution function g(r) calculated from 15 simulated images.
Since there is no preferred orientation in our system g(r) takes on cylindrical symmetry.
We clearly observe a shell with g(r) ≈ 0 at a radius of ∼2.5 µm which reflects the strong
blockade of excitation due to Rydberg-Rydberg interactions. At larger distances, we
observe two positive-correlated shells at about 4 and 8 µm, which indicate translational
correlations between nearest and next-nearest neighbours. The observed shell structure
decays rapidly indicating the absence of true long-range order. We note very similar
behaviour of g(r) for the raw atom positions (shaded bars). From this we conclude
that the information regarding density-density correlations can be reliably extracted
from the images under realistic imaging conditions.
We can also extract information about the angular correlations in the images. For
this we define the angular correlation function:
Φ(θ)∝
〈∫
d2r′ A(r′)
∫
dφ A(r′+Rsheφ)A(r′+Rsheφ+θ)
(
∫
d2r′ A(r′))3
〉
(4.8)
where eφ is defined as the unit vector with angle φ with respect to a reference axis ex,
and Rsh is the radius of the first positive shell of the pair distribution function. This
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Figure 4.4: Pair distribution and angular correlation function of simu-
lated Rydberg images and extracted positions of the Rydberg impurities.
(a) The solid black line shows g(r) − 1 computed from the absorption images for
15 realizations. The shaded bars show g(r) − 1 taken directly from the simulated
Rydberg atom coordinates with a bin size of 0.5 µm. The clear shell structure which
reflects translational order between nearest and next-nearest neighbours is preserved
by the images. The inset shows the angular correlation function for the radius of
the first shell.(b) Rydberg atom positions extracted from Fig.4.3 compared with the
Rydberg atom positions from the original simulations. Crosses correspond to the
reference positions. Dots indicate the extracted positions from the noisy image using
the matching pursuits algorithm.
gives the probability, starting from an atom and one of its nearest neighbours, to find
a second nearest neighbour forming an angle θ with the first atom. The computed the
angular correlation function Φ(θ) at the radius of Rsh = 4µm is shown in Fig. 4.4.
We observe the presence of two peaks at ∼ pi/3 and ∼ 5pi/3 rad, reflecting the 6-fold
symmetry present among most nearest-neighbours. Even more information could be
obtained from the images by studying higher-order correlation functions.
Alternatively, one could estimate the Rydberg atom positions and fully characterize
the many-body state. We employ an image reconstruction approach based on sparse
spikes deconvolution to extract the position of the individual Rydberg impurities. As
we will see deconvolution of the images based on orthogonal matching pursuits algo-
rithms [Mal93, RN02] allows to accurately locate individual Rydberg atoms even in the
presence of noise.
The basic principle of the deconvolution algorithm is to iteratively construct an
approximate image using an overcomplete basis of model functions. In each iteration
step, the algorithm picks the model function which reduces the difference between
the approximate image and the original image the most. While in general, there is an
infinite number of ways to decompose an image using an overcomplete basis, a selection
is made by constructing efficient image approximations from as few basis vectors as
possible.
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We use an overcomplete basis constructed out of a model image of a single Rydberg
impurity. We calculate the model image of a single impurity by convolving a disk with
radius Rip with the point-spread function of the imaging system. In the analysis, the
model image can be replaced by measured absorption spots of isolated impurities which
e.g. are excited by a tightly focused laser beam. To construct the basis we displace the
model image in steps of 0.5 pixel, resulting in > 10, 000 basis elements covering the
whole analysis region.
To reconstruct the position of the impurities we apply the matching pursuits decon-
volution algorithm. The algorithm stops when adding another atom no longer reduces
the difference between the original and the approximate image compared to the back-
ground noise level. The analysis is restricted to 1.5σ of the distribution of ground
state atoms. Fig. 4.4(b) shows the reconstructed positions of the Rydberg impurities
in Fig. 4.3 along side with their original positions. The algorithm retrieves 39 out of 45
impurities located in the analysis region. The impurities not found in the deconvolu-
tion process are located at the edge of the analysis region where the signal-to-noise is
lower because of the reduced density of probe atoms. Of the 39 extracted impurities,
37 position are within a tolerance of one pixel. The median error in the position esti-
mation is 0.4 pixel which is six times less than the optical resolution. This shows that
our imaging technique allows to retrieve the position of Rydberg impurities with high
efficiency and high spatial resolution, despite noise and limited optical resolution. This
makes it ideally suited to study spatial correlations in Rydberg gases and to investigate
crystalline many-body Rydberg states.
4.6 Perspectives
Our new imaging method provides the means to optically image individual particles
within a dense atomic gas using Rydberg state EIT. The optimal imaging conditions
which we identify are accessible in current cold atom experiments. To illustrate the
potential of this novel imaging scheme, we have performed numerical simulations of Ry-
dberg impurities excited from a quasi-2D gas and calculated the corresponding absorp-
tion images. The simulated images show that the imaging scheme allows for single-shot,
non-destructive and time resolved images of many-body states Rydberg states.
We anticipate that this technique will complement the new optical lattice imaging
techniques [Ger08, Bak09, Wei11], but with the capability to directly image many-
body systems of Rydberg atoms like the recently predicted crystalline state [Poh10].
We can also foresee applications of the imaging scheme outside of the field of Rydberg
physics. For example, single ions within an atomic gas could be to directly image [Gri09,
Zip10, Sch10c]. Taking a gas of 87Rb atoms coupled to the |21S〉-state which has
a polarizability of α = −0.12 MHz/(V2/cm2), the presence of a single ion causes a
level shift of ≈ 12MHz at a distance of 1µm which could be directly observed in
current experiments. Closely related ideas could be used to realise a single atom optical
transistor [Hwa09]. Furthermore our approach could be used to study the effects of
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impurities and disorder on superfluids [Yaz97, Pan00], to realize high-fidelity readout
of atomic quantum registers [Sch04, Nel07, Häf05], or as a precise way to observe
individual charges or defects near surfaces [Gie11].
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This chapter is partially based on the following publication:
Observing the dynamics of dipole-mediated energy transport by interaction enhanced
imaging
G. Günter, H. Schempp, M. Robert-de-Saint-Vincent, V. Gavryusev, S. Helmrich,
C.S. Hofmann, S. Whitlock, M. Weidemüller
Science 342, 954 (2013)
In the last years, strongly interacting ultracold gases and their associated quantum
many-body states have attracted great interest [Blo08]. Especially, strongly interacting
Rydberg gases have become an intense area of theoretical and experimental investiga-
tion [Löw12]. So far, probing of correlations among the Rydberg atoms was accom-
plished by studying interaction induced changes in cloud average properties which are
readily accessible in the experiments. Recently, first images of Rydberg atoms have
been obtained (cf. Sec. 4.1).
Here, we report on first experiments demonstrating interaction enhanced imaging
[Gün12] which has been theoretically described in Ch. 4. We first introduce the exper-
imental implementation of the imaging scheme as well as the imaging processing used
to extract the impurity distribution. Then, we show how electric field tuning of the
involved Rydberg states and exploiting Förster resonances can be used to maximize the
signal per impurity. Using optimized conditions we sensitively image small numbers of
Rydberg atoms in single-shot experiments with high-time resolution. Combining the
imaging technique with simultaneous detection of the Rydberg atoms by field ioniza-
tion, we directly observe the Rydberg blockade at the center of the cloud. Finally, we
discuss ways to achieve single Rydberg sensitivity in future experiments.
5.1 Experimental implementation
The essence of interaction enhanced imaging is to exploit strong interactions between
impurity atoms in the Rydberg state |i〉 with a bath of surrounding atoms, that are
optically coupled to a probe Rydberg state |p〉 (cf. Ch. 4). Using an EIT resonance,
the impurity-probe interactions are mapped onto the light field as schematically shown
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(a)
(b) (c)
Figure 5.1: Interaction enhanced imaging experiment. (a) Each impurity
(red sphere) breaks the EIT-condition for probe atoms within a volume characterized
by Rip due to the interaction induced level-shift on an auxiliary Rydberg-state |p〉
of the probe atoms. These atoms therefore strongly absorb the probe beam, casting
a shadow in the images. The coupling beam which is counter-propagating to the
probe beam is not shown. The minimal distance between two impurities is given
by the impurity blockade radius Rii which is larger than Rip in our experiments.
(b) Simplified level diagram showing the involved states in the excitation of the
Rydberg-impurities |i〉 as well as the states involved in the EIT-ladder scheme which
is employed to probe the level-shift on the state |p〉. (c) Pulse sequence of the
excitation and imaging process.
in Fig. 5.1 (a). In the following, we discuss the implementation of the imaging scheme
in the experiment.
In the experiment, we start with a cigar-shaped Gaussian cloud of ultracold 87Rb
atoms, prepared in the state |g〉 ≡
∣∣∣5S1/2, F = 2,mF = 2〉 with typical densities of
na = 5× 1010 cm−3 and cloud parameters σx ' 250µm and σr ' 15µm. In a first step,
Rydberg impurities in state |i〉 ≡ |50S〉 are excited within texc = 5µs in a small central
region of the cloud, using a focused, direct two-photon excitation. The two excitation
lasers at 780 nm and 480 nm, respectively, are two-photon resonant and detuned by
∆p = −∆c = −2pi × 65MHz from the intermediate state |e〉 ≡
∣∣∣5P3/2, F = 3,mF = 3〉
as shown in Fig. 5.1 (b). The 780 nm light illuminates the entire cloud from the top. The
σ+ polarized 480 nm beam travels along the horizontal imaging axis and is focused onto
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the atoms to define a well localized impurity region which is indicated in Fig. 5.2 (a).
Using spatially resolved EIT-spectra in a low density cloud (cf. 3.2.1) we measure a
vertical and horizontal beam waist of the 480 nm excitation beam of 19µm and 7.4µm,
respectively.
The impurity excitation is followed by the acquisition of the image under EIT-
conditions using separate lasers. We employ an EIT-ladder configuration involving
the states |g〉, |e〉 and |p〉 ≡
∣∣∣37S1/2,mJ = 1/2〉. The probe and coupling beams,
which are σ+ and σ− polarized respectively, are counter-propagating and tuned to the
single-photon resonances |g〉 → |e〉 and |e〉 → |p〉, respectively. The probe uniformly
illuminates the cloud with typical Rabi-frequency Ωp/2pi ∼ 1-2MHz. The probe light
transmitted through the cloud is imaged onto a CCD camera with a resolution of 9 µm
(Rayleigh criterion). The coupling beam is focused onto the atoms to an elongated
Gaussian intensity profile with σx = 64µm and σy = 10µm as indicated in Fig. 5.2 (a)
with a peak coupling Rabi-frequency Ωc ∼ 2pi × 9MHz. Under these conditions, the
polariton density is small compared to the critical density ρ(0)DSP/ρc  1 and effects of
probe-probe interactions on EIT are negligible (cf. Ch. 3). Typical exposure times for
image acquisition are texp = 2-20µs.
To account for residual absorption and the spatial inhomogeneity of the coupling
beam we take two images: one with and one without impurities. Figure 5.2 (b) shows
an image of the cloud without impurities. The ellipsoidal coupling beam induces a
transparency at the center of the cloud with a residual optical density of ODEIT ≈
0.1. The presence of the impurities breaks the transparency and leads to an increased
absorption in the excitation region (Fig. 5.2(c)). By subtracting the two images, we
determine the additional optical density ODadd induced by the presence of impurities.
A typical image of approximately 200 impurities averaged over 150 shots is shown
Fig. 5.2(d)1. Using the additional optical density we extract the number of additional
two-level absorbers
Nadd =
A
σ0
ODadd = −A
σ0
log
(
Iimp
IEIT
)
, (5.1)
with A the area corresponding to one pixel at the position of the atoms and σ0 = 3λ2/2pi
the resonant scattering cross-section for the probe transition. Iimp and IEIT denote the
transmitted intensities of the probe beam for the image with and without impurities,
respectively. To reduce the effects of shot-to-shot fluctuations in the atom number,
photon-shot-noise and fringes, we make use of many images without impurities and
construct an optimal image IoptEIT for each image with impurities [Ock10]. This is then
used to determine the number of additional absorbers in this particular realization
of the experiment. The optimal EIT-reference IoptEIT is obtained by solving for the
1The additional optical density in the images only reflects the presence of the impurities excited at
the center of the cloud. In the shown images, the impurities are already blockaded at the cloud
center and a significant fraction of the impurities is excited in the wings of the cloud which does
not contribute to the signal. Also see Sec. 5.2.
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Figure 5.2: Images of the cloud with and without impurities. (a) schemati-
cally shows the cloud and the respective positions of the excitation (red) and imaging
beam (blue). The ellipses indicating the two beams corresponds to 1.5×σ of the
measured intensitiy profiles. (b) Without impurities the coupling beam, renders the
center of the cloud transparent. The presence of impurities in the excitation region
in (c) induces absorption, rendering the impurities visible. (d) shows the difference
of the two images shown in (b) and (c) which only contains the additional absorption
due to the impurities. The shown images are averages of 150 images taken with an
exposure time texp = 5µs.
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Figure 5.3: Density dependence of the imaging method. Shown are the
two-level absorption (red diamonds), the absorption under EIT-conditions without
(blue squares) and with impurities (black circles) at the center of the impurity re-
gion. With increasing density the absorption in the presence of impurities increases.
This reflects the increasing number of probe atoms blocked per impurity. However,
the absorption without impurities is also increasing due the imperfect transparency
and interactions between polaritons mediated by the probe Rydberg state. The dif-
ference between the absorption with and without impurities reflects the additional
absorption due to the presence of the impurities - the signal of the imaging tech-
nique. The green arrow indicates the density which yields the maximum signal for
the given scan. The lines are guides to the eye.
linear combination of images without impurities, which best matches the image with
impurities outside the excitation region.
5.1.1 Density dependence
To characterize the imaging method, we investigate the density dependence of the
imaging signal. In principle, the number of blocked atoms per impurity and therefore
the sensitivity of the imaging technique increases with density. However, for high
densities the imperfect transparency and interactions mediated by the probe Rydberg
state reduce the contrast of the imaging technique. Hence, these effects have to be
balanced to achieve good imaging conditions in the experiment.
To characterize the density dependence, we record the absorption at the center of
the impurity region under three different conditions: first, we record the two-level
absorption of the cloud. This gives an estimate of the maximum possible number of
absorbers. Second, we measure the absorption without impurities under EIT-conditions
to analyze the effects of imperfect transparency and of probe-probe interactions (cf.
Sec. 3.4). The difference between these two measurements determines the available
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number of additional absorbers for imaging. In the last step, we record the absorption
in the presence of impurities. The difference between the absorption with and without
impurities reflects the additional absorption due to the presence of the impurities and
gives the signal of the imaging technique. Fig. 5.3 shows a typical measurement of
these three quantities as a function of the atomic density. The shown measurement
was taken under slightly different conditions compared to the ones outlined in the
previous section, with the main differences being a smaller coupling Rabi-frequency
Ωc ∼ 5MHz and impurities in the 38S-state. For low densities the cloud is rendered
highly transparent by the coupling beam, but the number of probe atoms within Rip
around an impurity is small which yields only little additional absorption due the
impurities. With increasing density the absorption in the presence of the impurities
increases ultimately almost reaching the full two-level absorption of the cloud. On the
one hand, this reflects the increasing number of atoms blockaded by the impurities.
On the other hand, the increase in absorption is also caused by the residual absorption
due to imperfect EIT and the nonlinear optical response of the atomic cloud. The best
imaging conditions are obtained when the increase in absorption in the presence of the
impurities is largest. Under good imaging conditions, we typically observe an increase
in absorption of ∼ 20%. For the scan given in Fig. 5.3, best conditions are obtained for
an atomic density na ∼ 5× 1010 cm−3 indicated by the green arrow.
5.1.2 Electric field tuning
To maximize the signal per impurity we make use of a Förster resonance to enhance
the impurity-probe interactions [Gal08] (cf. Sec. 2.1.3). On the Förster resonance, the
interstate interactions Vip peak resulting in the maximum number of blockaded probe
atoms per impurity.
The Rydberg impurities interact with the probe Rydberg state via dipolar coupling to
close-by pair states. For our choice of states, the largest contribution to the interaction
is given by
37S1/2 + 50S1/2  36P1/2 + 51P3/2 . (5.2)
Figure 5.4 (a) shows the calculated pair state energies as a function of the electric
field E . The energy of the |37S1/2, 50S1/2〉 pair states crosses with the ones of the
|36P1/2, 51P3/2〉 pair states at electric fields of 0.35V/cm and 0.38V/cm for the |mj| =
3/2 and |mj| = 1/2 states, respectively, which gives rise to strong dipolar interactions.
To observe the Förster resonance in the experiment, we apply an electric field in
the z-direction and record the number of additional absorbers which are displayed in
Fig. 5.4 (b). The number of additional absorbers shows a resonance peak at about
≈ 0.5V/cm which is close to the theoretically expected resonance position. The dis-
crepancy of ∼ 0.1V/cm can be attributed to a stray electric field. Using the polariz-
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Figure 5.4: Electric field tuning of the interactions. (a) Calculated pair state
energies as a function of the electric field. (b) Measured number of additional ab-
sorbers Nadd for different applied electric fields (upper axis). Using the polarizability
of the pair states, the electric field is converted into a Förster defect ∆F shown on
the lower axis.
abilities of the |mj| = 1/2 states, we convert the applied electric field Eapplied into a
Förster defect ∆F = 1/2 ([α37S + α50S]− [α36P − α51P ]) (E2stray +E2applied) assuming that
the stray field is orthogonal to the applied electric field. The zero position of the Förster
defect is set to the peak position of the scan by fitting the stray field component. The
narrow width of ≈ 80MHz of the resonance, which is estimated using a Lorentzian
fit, indicates that the imaging method can be made state-selective as only Rydberg
impurities in a particular state interact strongly with the probe Rydberg state via the
Förster resonance.
5.1.3 Sensitivity
For imaging, we tune to the Förster resonance which maximizes the interstate block-
ade radius Rip. On resonance, the interactions are dipolar in character with C3 =
368 MHzµm3 and the anticipated interstate blockade radius is Rip = (2C3/(γgr +
Ω2c/Γe))1/3 = 3.8 ± 0.3µm. This is, however, still smaller than the impurity-impurity
blockade radius Rii = 4.35 ± 0.2µm including collective enhancement with approxi-
mately 70 atoms per blockade volume2. Hence, in the superatom picture the absorbing
spheres that accompany each impurity do not overlap as indicated in Fig. 5.1 (a) and
each additional absorber is blocked by a single impurity.
To determine the sensitivity of the imaging method, we compare the number of
2The blockade radius is estimated using C6/R6ii =
(
γ2/4 +NcΩ2exc/2
)1/2 with C6 = 16 GHz, µm6 for
the 50S-state. For the two-photon excitation we take an effective Rabi-frequency Ωexc = 0.4MHz
and a laser dephasing of γ = 0.8MHz. For the number of atoms Nc within a blockade sphere the
radial Gaussian density profile of the cloud is taken into account. The blockade radius given here
was calculated for an elongated cloud with na = 2.4× 1011cm−3 and σr = 4.9µm.
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Figure 5.5: Imaging sensitivity for a quasi 1D-Rydberg ensemble. (a)
For small numbers of impurities the number of additional absorbers grows linearly.
The black line is a fit used to determine the amplification factor A = 19 ± 2. For
high impurity numbers the additional absorbers deviate from the linear behaviour
indicative for the blockade at the cloud center (cf. 5.2). (b) A single-shot image of
∼ 6 impurities obtained for an exposure texp = 5µs. The image is convolved with
the average Rydberg distribution to reveal the presence of the impurities. The white
dashed-dotted lines indicate the position of the cloud in the image. The indicated
size of the cloud corresponds to 1.5 ×2σy,cloud.
additional absorbers with the number of impurity atoms detected using field ionization
detection. We achieve the maximum sensitivity by radially compressing the cloud to
σr = 4.9µm which increases the atomic density to na = 2.4× 1011 cm−3. Figure 5.5 (a)
shows the number of additional absorbers Nadd as a function of the number of impurity
atoms Nimp in the compressed cloud. For low numbers of impurities, the number of
additional absorbers increases linearly, since each impurity blocks roughly the same
number of probe atoms. From the slope, we determine an amplification factor of
A = 19±2 additional two-level absorbers per impurity. In this configuration the optical
depth per interstate blockade sphere is ODbl ≈ 0.5. This suggests that our images
should be sensitive to single impurities. However, at the moment we are limited in
the experiment by the optical resolution of our imaging system. Our optical resolution
of 9µm (Rayleigh criterion) prevents us from observing individual impurities for two
reasons: first, as the optical resolution is larger than both Rip and Rii the absorbing
spots of the impurities overlap in the images. Second, the optical resolution smears out
the signal of an single impurity over ∼ 20 pixels which results in a too low signal-to-
noise to observe individual impurities in a single experimental realization.
Nonetheless, we can clearly detect as few as 5 impurities in a single shot with . 5µs
time-resolution. As the signal is distributed over ∼ 100 pixels due to the optical
resolution, the signal-to-noise ratio for these small impurity numbers is not high enough
to clearly see the impurities in the raw images. To reveal the impurities in a single
shot image, we convolve the image with a smoothing kernel given by the averaged
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Figure 5.6: Imaging sensitivity and Rydberg-blockade in a 3D-Rydberg
ensemble. For small impurity numbers, the impurities are mainly excited in the
center of the cloud and the number of blockaded atoms per impurity is constant.
This is observed as a linear growth in the number of additional absorbers indicated
by the black line. For large impurity numbers, the number of additional absorbers
deviate from the linear behaviour and saturates. As the center of the cloud becomes
blockaded, the additional impurities are excited in the low density wing of the cloud
without further increasing the number of blocked atoms. This is reflected in a
saturation of the number of additional absorbers. The fraction fbl of blockaded
atoms at the cloud center is shown on the right axis and saturates at about ∼ 0.38.
impurity distribution obtained from many shots. This minimizes the noise and makes
the impurities clearly visible in the images. Fig. 5.5 (b) shows a processed single-shot
image of ∼ 6 impurities taken with an exposure time of texp = 5µs. The red signal in
between the white dashed lines which indicate the position of the cloud corresponds
to the signal of the atoms. For 6 atoms, we estimate the signal-to-noise to be ∼ 2.
By improving the optical resolution below Rip, it should be possible to substantially
increase the signal-to-noise for a single impurity and to resolve individual impurities in
single shot images as will be further discussed in Sec. 5.3.
5.2 Imaging the Rydberg blockade
Even though under the current experimental conditions single impurities are not re-
solved in the images, the imaging method allows to investigate interesting phenomena
such as the Rydberg blockade. As we have seen in the measurement in Fig 5.5 (a) for
high impurity numbers the number of additional absorbers starts to deviate from the
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linear behaviour observed for small numbers of impurities. This indicates saturation
of the impurity density at the cloud center which is a manifestation of the Rydberg
blockade.
To investigate the Rydberg blockade effect using interaction enhance imaging, we
simultaneously determine the number of impurities and the number of additional ab-
sorbers in a larger volume and involving more impurities. The experimental conditions,
which correspond to a 3D-geometry with respect to the Rydberg excitation, are the
same as those described in Sec. 5.1. We observe the blockade by varying the excita-
tion power which changes the number of impurities in the cloud. The measurement is
shown in Fig. 5.6. In the case of weak excitation, the number of impurities increases
linearly, reflecting the sensitivity A = Nadd/Nimp = 4.2± 0.3 for the given experimen-
tal parameters. For stronger excitation, however, the number of additional absorbers
Nadd saturates. As the impurity density in the center of the cloud saturates because
of the blockade, the number of impurities increases further due to excitations in the
low density wings of the cloud. However, this does not significantly increase the total
number of additional absorbers as the density of probe atoms is low in this region.
To further investigate the blockade of the impurity atoms, we determine the fraction
of additional absorbers fbl = ODadd/(OD2lvl−ODEIT) at the cloud center. This gives the
ratio of the optical density of additional absorbers compared to the available two-level
absorbers. Above approximately 150 impurities, fbl saturates at a value of 0.38± 0.02.
This is consistent with the picture that the blockade-limited density of impurities is
ρi ≈ (4piR3ii/3)−1 and each impurity produces an absorbing sphere with a radius given
by Rip which is smaller than the impurity blockade radius Rii = 3.75± 0.2µm. In this
case, we expect fbl ' R3ip/R3ii(1−ρi/na) = 0.49±0.2, in good agreement with the data.
The factor 1 − ρi/na takes into account that the density of probe atoms is reduced
compared to the atomic density na by the excitation of the impurities.
5.3 Towards imaging of single Rydberg atoms
So far, our experiments were limited to imaging of distribution of Rydberg atoms. Here,
we discuss how this limitation can be overcome and individual Rydberg atoms can be
imaged in future experiments. We identify two main ingredients to accomplish this task.
Besides improving the imaging resolution, which was already pointed out in Sec. 5.1.3
as major limitation, addressing Rydberg states with higher principal quantum numbers
offers several benefits for future experiments. These states exhibit larger interactions
which result in increased interstate blockade radii. This provides two advantages: on
the one hand side it reduces the demands on the optical resolution and at the same
time increases the number of absorbers per impurity which boosts the sensitivity of the
imaging method.
To show that imaging of single Rydberg atoms is within reach, we consider imaging
Rydberg impurities in the state |i〉 ≡ |69S〉 with the probe atoms optically coupled to
the state |p〉 ≡ |50S〉. For the parameter estimation, we assume an elongated atomic
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cloud with a density na = 1×1011 cm−3 and a radial extent of σr = 5µm similar to the
presented experiments. The van der Waals interactions3 between the impurities and
the probe state result in an interstate blockade radius Rip = (2C6/(γgr + Ω2c/Γe))1/6 '
4.8µm with C6 = 98 GHzµm6, Ωc = 10MHz and dephasing and decay rates like
in the presented experiments. This yields about 40 absorbers per impurity which
can readily be detected in cold atom experiments using absorption imaging [Ock10,
Mue13]. Including the collective enhancement, we obtain an impurity blockade radius
of Rii ' 7.6µm taking an excitation Rabi-frequency Ωexc = 0.5MHz and an excitation
linewidth of 0.8MHz. The absorbing spots of individual impurities are therefore well
separated. With the improved optical resolution in our experiment of 4.8µm (Rayleigh
criterion) [Hel13] the spots should be resolved in the images and it should be possible
to determine the position of individual impurities.
In addition, it might be advantageous to use van der Waals interaction between the
impurities and the probe atoms. Whereas dipolar interactions on a Förster-resonance
maximize the signal per impurity atom, the resonant coupling to another pair state can
lead to transport dynamics, as we will discuss in the next chapter, and motion during
the imaging process has to be considered.
3The Förster defect of the closest pair-state is ∆F ≈ 120MHz.
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6 Dipole-mediated energy transport in
Rydberg-gases
This chapter is partially based on the following publication:
Observing the dynamics of dipole-mediated energy transport by interaction enhanced
imaging
G. Günter, H. Schempp, M. Robert-de-Saint-Vincent, V. Gavryusev, S. Helmrich,
C.S. Hofmann, S. Whitlock, M. Weidemüller
Science 342, 954 (2013)
Watching a many-body quantum system evolve under the influence of well controlled
interactions is the basic essence of Feynman’s vision for a quantum simulator [Fey82],
which could be used to address fundamental questions about coherent-quantum and
open-system dynamics in diverse settings [Bar11, Lan11, Wei10]. One such question
is the nature of energy transfer in real physical systems, such as complex chemical
reactions, excitonic transport in organic semiconductors [Naj10] and molecular ag-
gregates [Oij99, Gus01] or photosynthetic light-harvesting complexes [Lee07, Eng07,
Sar10]. In these systems, both disorder and the environment play crucial roles.
Ultracold atomic gases offer a unique setting to tackle these kinds of problems with
full access to the microscopic and macroscopic degrees of freedom [Kar09, Lew07, Wei11,
Blo12]. Rydberg atoms possess exceptionally large dipole moments and long-range
quantum-state changing interactions similar to those found in molecules (cf. Ch. 2).
This renders them a natural candidate to study the effects of dipolar energy transfer.
First evidence of Rydberg energy exchange was observed in the spectral broadening
of optical transitions [And98, Mou98, And02] and more recently by studies of ionizing
collisions [Li05], transfer of Rydberg state populations [Wes06, Dit08] and by optical
Ramsey interferometry [Nip12]. For narrowband laser excitation, the Rydberg blockade
effect, in which the presence of a single Rydberg atom strongly suppresses subsequent
excitation of additional atoms in its vicinity (cf. Sec. 2.1.4) is expected to introduce
interesting new dynamical features. So far however, the direct observation of Rydberg
energy transport has remained out of reach due to the difficulty in spatially resolving
the Rydberg atoms.
Here, we apply the novel imaging scheme described in Ch. 4 and Ch. 5 to study res-
onant energy transport dynamics of strongly-interacting Rydberg states. We discover
that for Rydberg atoms in certain states, the spatial distribution of Rydberg atoms
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is not stationary, but grows while the imaging light is on. This is a result of dipolar
exchange interaction between the Rydberg atoms and the surrounding background gas.
In addition the continuous observation of the excitation transport in the imaging pro-
cess acts as an environment for the transport dynamics. We show that the transport
dynamics can be controlled through the interactions and the coupling to the environ-
ment via the background gas. This illustrates the potential of ultracold Rydberg gases
as a model system for investigations of dipolar transport phenomena.
The chapter is structured as follows: first, the observed transport dynamics of Ry-
dberg excitations is presented and discussed. Then, we explain how exchange inter-
actions between Rydberg atoms can mediate transport of Rydberg excitations in our
system and how the continuous observation effects the transport dynamics. We provide
a simple model which captures the main features of the dipolar transport and allows
us to estimate transport parameters. Finally, building on the control possible in the
presented system, we discuss perspectives for future investigations.
6.1 Transport dynamics during imaging
In the experiments, we discover that the spatial distribution of Rydberg atoms for
certain Rydberg states is not stationary. Exciting impurity Rydberg atoms in the
|i〉 ≡ |38S〉 state and coupling the bath of surrounding atoms to the |p〉 ≡ |37S〉 state,
we find that the spatial distribution of impurities grows during the imaging process.
The two involved Rydberg states have an interesting property, namely they exhibit state
exchange interactions. The pair state |38S〉⊗ |37S〉 couples to the exchange-symmetric
|37P 〉 ⊗ |37P 〉 state which mediates by the following process∣∣∣38S1/2〉⊗ ∣∣∣37S1/2〉 ∣∣∣37P3/2〉⊗ ∣∣∣37P3/2〉 ∣∣∣37S1/2〉⊗ ∣∣∣38S1/2〉 (6.1)
exchange of the |38S〉 and |37S〉 excitations. At an electric field of ∼ 1.8V/cm [Rya10]
the three pair states are degenerate and exhibit dipolar coupling with C3 = 2pi ×
1.6 GHzµm3.
The left column of Fig. 6.1 (a) shows images of the impurity distribution for different
exposure times texp. The distribution is seen to expand horizontally as a function of the
imaging exposure time. Expansion in the vertical direction is not observed due to the
smaller size of the EIT coupling beam in this direction as indicated by the schematic at
the top of Fig. 6.1 (a). In addition to the growing width, we observe a slight decay of the
number of additional absorbers Nadd which we can attribute to the lifetime of the |38S〉
Rydberg state (≈ 30µs)[Bet09]. To perform a quantitative analysis of the dynamics,
we extract the second central moment σ2x of the imaged distributions as a function of
the exposure time. As shown in Fig. 6.1 (b), σ2x grows approximately linearly.
To extract the diffusion coefficient D from the measured width σx, we have to take
into account that our images with varying exposure time provide the time-integrated
impurity distribution. Assuming an initial Gaussian distribution of impurities with am-
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Figure 6.1: Diffusion of Rydberg-impurities. (a) The top sketch shows the ex-
perimental geometry indicating the initial position of the impurities and the imaging
region. The images in the left column show the additional optical density reflecting
the impurity distribution for different exposure times texp (images are averaged over
50 realizations). The strong exchange interactions between impurities and probe
atoms lead to an expansion of the Rydberg distribution with the exposure time. In
comparison, the images in the right column taken for different delay times tdelay
with a fixed exposure of 2µs show no growth of the distribution (images are av-
eraged over 30 realizations). All images are taken on the Förster resonance and
are displayed with a fixed color scale. (b) The squared width of the distribution
σ2x increases approximately linearly with time. On the Förster resonance (full blue
circles) the expansion is faster than off resonance (full red circles). For comparison,
open blue circles show σ2x on the Förster resonance for fixed exposure time (2 µs),
but with different delay times between the excitation and image acquisition.
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plitude A0 and width σ0 together with diffusive expansion, the horizontal distribution
obtained in an image with an exposure time texp is given by
A0√
2pitexp
∫ texp
0
1√
2Dt+ σ20
e
− x2
2(2Dt+σ20) dt . (6.2)
The second moment σ2x of the time-integrated distribution is
σ2x = σ20 +Dt , (6.3)
which allows us to directly extract the diffusion coefficient D from the distributions in
the images. On the Förster resonance, we find D = 80± 13µm2/µs.
To investigate the role of the continuous observation which acts as environment on
the observed dynamics, we also record images with a fixed exposure time of 2µs, but
with different times tdelay between impurity excitation and image acquisition during
which Ωp = Ωc = 0 (see Fig. 5.1 (c) for the pulse sequence). The obtained images are
shown in the right column of Fig. 6.1 (a). Here, we observe no growth of the distribution.
Thus, this demonstrates that mechanical forces do not play a significant role and that
the dynamics can be controlled by modifying the environment via the laser fields.
Finally, we study transport in the regime of off-resonant exchange interactions. Ear-
lier experiments under these conditions observed spectral broadening and rapid de-
phasing of coherent state transfer [And98, Mou98, And02] which was too high to be ex-
plained by the off-resonant process in Eq. (6.4) alone. This was attributed to secondary
processes resulting in enhanced spatial diffusion which we can now directly observe. By
setting the electric field to zero we tune the Förster defect to ∆F = 100MHz. Here,
we expect weaker impurity-probe exchange interactions and a change in the character
of the interactions to van der Waals type. As shown in Fig. 6.1 (b) we observe a slower
broadening of the distribution and measure a diffusion coefficient D = 26± 6µm2/µs.
As we will discuss in the following, the observed diffusion is much faster than expected
from simple estimates. This indicates that the diffusion involves additional processes
such as the always resonant secondary process |37S〉⊗|37P 〉 |37P 〉⊗|37S〉, and that
spatial diffusion of secondary |nP 〉 excitations plays an important role for the observed
Rydberg state dynamics and the energy transfer.
6.2 Environment assisted transport
To understand the observed transport dynamics, we here identify important features of
our system. Based on these basic considerations, we provide a simple model that allows
us to estimate transport parameters like diffusion coefficients which are then compared
to the experimental findings.
As already pointed out in the last section, the main ingredient for the observed exci-
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tation transport is the strong dipolar state exchange interaction between the impurity
and the probe atoms (cf. Sec. 2.1.3). This interaction leads to an excitation transfer of
the kind
|i〉 ⊗ |p〉 |p〉 ⊗ |i〉 . (6.4)
Typically, when transport of excitations is discussed in the framework of Rydberg
gases, transfer of excitation from one Rydberg atom to another Rydberg atom is con-
sidered [Mül07, Wüs10]. In our system, we first excite atoms in the state |i〉 and then
couple the bath of background atoms to the state |p〉 via a two-photon laser coupling.
Thus, the probe atoms that are dressed by the imaging fields under EIT-conditions in-
teract with the impurities via their Rydberg |p〉-state admixture. Due to the exchange
property of the interactions, this leads to a transfer of the impurity excitations to the
surrounding probe atoms. However, the Rydberg-Rydberg interactions not only induce
excitation transfer of the impurity excitation, but as discussed within the framework of
the imaging method result in an interstate blockade. The interstate blockade strongly
suppresses the |p〉-state population in a volume characterized by the interstate blockade
radius Rip around the impurity which suppresses transfer to these atoms. This together
with the continuous observation of the transport dynamics in the imaging process, dif-
ferentiate our system from excitation transport in other systems. In particular, the
spatial correlations due to the Rydberg blockade and the dissipation induced by the
scattering of probe light, which acts as an environment, have a strong impact on the
intrinsically coherent transfer mechanism.
6.2.1 A simple model
To attempt to understand how the transport dynamics is effected by the blockade and
the continuous projection, we consider the following model. We consider the evolution
of a single impurity atom embedded in a bath of background atoms which exhibits co-
herent state exchange interactions with all surrounding atoms. The hopping frequency
ωhop(r) between the impurity and a single atom at distance r depends on the exchange
interaction Vip(r) and on the population ρpp(r) of the probe Rydberg state |p〉 of the
bath atom. The latter is effected by the presence of the impurity and depends on the
laser fields, which allows to externally control the hopping dynamics. The presence of
the impurity not only alters the probe Rydberg population of the bath atoms, but is
also responsible for a finite population ρee(r) of the intermediate state caused by the
interstate blockade. This results in light scattering from each probe atom with the
rate Γeρee(r). The light scattering by all probe atoms surrounding the impurity causes
a measurement-induced environmental decoherence γenv of the system. Therefore, the
decoherence rate is expected to be on the order γenv ∼ Aγ2lvl, where γ2lvl is the scatter-
ing rate of a two-level atom and A is the number of effective two-level absorbers induced
by the impurity. Hence, the atomic density na and the probe Rabi-frequency Ωp allow
to control the environmental decoherence rate independent of ωhop which shows that
the key parameters in our system can be controlled independently.
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Figure 6.2: Schematic illustration of the environment assisted transport.
The Rydberg impurity (red sphere) is embedded in a bath of probe atoms. The sur-
rounding laser-dressed probe atoms interact with the impurity via state-exchanging
Rydberg-Rydberg interactions Vip. Far from the impurity the probe and the coupling
laser (not shown) prepare the atoms in the dark state which contains a significant
Rydberg fraction and allows excitation hopping to these atoms. Within the blockade
radius Rip the Rydberg interactions shift the probe Rydberg state. On the one hand,
this leads to a suppression of the probe Rydberg population and concomitant sup-
pression of hopping to these atoms. On the other hand, it breaks the EIT-condition
for the atoms in the vicinity of the impurity which results in strong light scattering
and continuous probing of the excitation transfer process.
To describe the system more quantitatively, we use the following heuristic model.
Motivated by the picture outlined above, we assume the coherent hopping rate is
ωhop(r) ' 2Vip(r)ρpp(r) as the exchange interaction couples the impurity and a probe
atom via the population of the probe atom in the |p〉-state. The decoherence rate in-
troduced by the ensemble of scatters surrounding the impurity is taken as the sum of
the individual scattering rates γenv =
∑
i Γeρ(i)ee (r), where the sum runs over all probe
atoms. We have numerically checked the given simple model for two atoms. Solving
the full quantum dynamics of two atoms including the levels {|g〉, |e〉, |p〉, |i〉, }, we find
fairly good agreement of the simple model with the full calculation in the overdamped
regime (γenv  ωwhop). In the following, we apply this simple model, which can be
extended to systems involving many particles, to estimate transport parameters.
For typical parameters in our experiment, we estimate that γenv is about 150 times
higher than the maximum value of ωhop(r). Therefore, we expect classical hopping
to occur with a rate Γhop(r) ' ω2hop(r)/γenv to each of the neighbouring atoms1. The
competition between the interstate Rydberg blockade, which suppresses the probe Ry-
dberg population close to the impurity, and the decreasing exchange interaction as a
function of distance, results in a preferred hopping distance rhop ∼ Rip (see Fig. 6.3).
1The classical hopping rate Γhop can be derived considering a coupled two-level system with large
dephasing. Adiabatic elimination of the coherences yields a rate model for the population with
exchange rate Γhop.
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Figure 6.3: Probe atom populations as a function of distance to the im-
purity. The continuous blue and red curves show the populations ρpp(r) and ρee(r),
respectively (axis on the left). The vertical line marks the blockade radius Rddip at
which the Rydberg state population is suppressed by a factor of two by the inter-
actions. The dashed green curve shows the hopping frequency ωhop(r) which due
to the competition between the low-distance suppression of the Rydberg population
and the long-distance decay of the interaction presents a maximum approximately at
Rddip (right axis). The curves are calculated for Ωp = 2pi×2.2MHz, Ωc = 2pi×9MHz
and C3 = 2pi × 1.6 GHzµm3.
This introduces an intrinsic scale, similar to that of self-assembled systems. As we an-
ticipate classical hopping to dominate the transport process, the impurity distribution
is expect to grow diffusively. Hence, we expect the width of the impurity distribution
in each direction σ(t) to grow as σ2(t) = σ20 + 2Dt, where σ0 is the initial size of the
distribution and D is a diffusion coefficient. In the following, we calculate diffusion
coefficients for the case of dipolar and van der Waals energy transport.
Dipolar energy transfer
On or close to a Förster resonance, the impurity and the probe atoms interact via dipo-
lar exchange Vip(r) = Vdd(r) = C3/r3 (cf. Sec. 2.1.3). This interaction is responsible
for a coherent excitation transfer of the impurity excitation to a probe atom dressed
by the laser fields with the hopping frequency ωhop(r) = 2Vdd(r)ρpp(r), as well as for
a finite population ρee(r) of the intermediate state of the probe atom. To evaluate ρpp
and ρee, we assume stationary states for laser-driven probe atoms and include the effect
of the interaction as a level shift ∆ = Vdd(r) of the probe Rydberg state. In the weak
probe limit (Ωp  Ωc,Γe), neglecting laser linewidths and decay of the Rydberg state,
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we obtain
ρpp(r) =
Ω2pΩ2c
Ω4c + 4Vdd(r)2Γ2e
and ρee(r) =
4Vdd(r)2Ω2p
Ω4c + 4Vdd(r)2Γ2e
. (6.5)
In Fig. 6.3 both populations are shown, from which two observations can be made: First,
we observe that within a sphere with a radius of approximately Rddip = (2ΓeC3/Ω2c)1/3,
the Rydberg population is highly suppressed. As a consequence of this and the rapidly
decreasing strength of the exchange interaction with distance, the hopping frequency
ωhop(r) presents a peaked maximum at approximately Rddip . This introduce a preferred
hopping distance. Second, we observe that within the same sphere the atoms present
a significant population of the intermediate state and thus strongly scatter light.
The transport dynamics results from the coherent hopping process of the impurity to
all of the neighbouring atoms, damped by the light scattering of the ensemble of atoms
in the vicinity of the impurity. The classical hopping rate Γhop(r) = ω2hop(r)/γenv falls
off as 1/r6. To obtain the total hopping rate Γtothop and the mean square hopping distance
rhop, we spatially integrate the classical hopping rate assuming a homogeneous three
dimensional atomic density and find Γtothop ' Ω2p/2Γe and rhop =
√
〈~r 2〉 '
√
10/3Rddip .
The diffusion coefficient in three dimensions D = 〈~r 2〉Γtothop/6 then becomes
D ' 518
(
Rddip
)2 Ω2p
Γe
. (6.6)
For the parameters corresponding to the measurement on the Förster resonance, Ωp =
2pi × (2.2 ± 0.3)MHz, Ωc = 2pi × (9 ± 1)MHz, C3 = 2pi × 1.6 GHzµm3 and n =
(4.7± 0.5)× 1010 cm−3, we find an interstate blockade radius Rddip = 6.3± 0.5µm and
an expected diffusion coefficient D = 55± 23µm2/µs, where the stated uncertainty for
the diffusion coefficient is dominated by the calibration of Ωp. This is in fair agreement
with the measured diffusion coefficient D = 80± 13µm2/µs.
Van der Waals energy transfer
In the case of off-resonant exchange interactions Vip(r) = VvdW (r) = C6/r6, the ex-
pressions for γenv and Γhop determined analogously to the dipolar case do not present
a simple analytical form. Therefore, we employ a hard sphere picture: Within the
interstate blockade radius Rvdwip = (2ΓeC6/Ω2c)1/6, we assume perfect blockade and set
ρee ' Ω2p/Γ2e and ρpp ' 0. Outside the blockade sphere (r ≥ Rvdwip ), the probe atoms are
assumed to be in the dark state and we use ρee ' 0 and ρpp ' Ω2p/Ω2c . Using this approx-
imation spatial integration of Γhop(r) which decays with 1/r12 yields Γtothop ' Ω2p/3Γe and
rhop '
√
9/7Rvdwip . Consequently, we again obtain a simple expression for the diffusion
coefficient:
D ' 114
(
RvdWip
)2 Ω2p
Γe
. (6.7)
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The differences as compared to the dipolar exchange are the numerical pre-factor and
the strongly reduced blockade radius. The blockade radii on and off the Förster res-
onance are related by Rvdwip /Rddip = (Ω2c/2Γe∆F )
1/6 ≈ 0.6 for typical parameters in the
experiment.
Using the parameters from the experiments detuned from the Förster resonance,
Ωp = 2pi × (1.8 ± 0.2)MHz, Ωc = 2pi × (9 ± 1)MHz, ∆F = 2pi × 100MHz, n = (8.0 ±
0.8)×1010/cm3, we expect diffusion with a coefficient D = 3.0±0.9µm2/µs. Note that
the direct numerical integration of γenv and Γhop without hard sphere approximation
gives a similar value D = 2.2µm2/µs.
This is almost an order of magnitude slower than the measured diffusion coeffi-
cient of D = 26 ± 6µm2/µs. This shows that the observed diffusion involves ad-
ditional processes. Creation of atoms in the |37P 〉 in the exchange process for in-
stance, might lead to diffusion of these atoms by the always resonant exchange process
|37S〉 ⊗ |37P 〉  |37P 〉 ⊗ |37S〉 which is not distinguished from the diffusion of |38S〉
atoms in the imaging process. This indicates that secondary process play an important
role for the observed Rydberg state dynamics and the energy transfer.
6.3 Perspectives
In future work, it will be possible to investigate the transition to coherent-quantum
dynamics in many-body systems. By creating probe Rydberg atoms in a short exci-
tation pulse, or by detuning the EIT lasers from the intermediate state, decoherence
via photon scattering can be suppressed while maintaining the preferred distance for
hopping given by the blockade radius. This will allow for the study of excitonic be-
haviour, in which impurities evolve as delocalized superposition states. In this regime,
transport should be completely different, leading to localisation or enhanced transport
which can be controlled through the dimensionality, degree of disorder and dissipation
in the system [Rob04]. By switching back to resonant probing this evolution could be
observed. This provides an ideal platform for benchmarking current theories used to
explain energy transport in complex systems such as light harvesting complexes, where
for example the competition between mechanical and excitonic transport and the role
of interactions are still open questions [Col13].
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7 Conclusion
In this thesis, the interplay between light and strongly interacting ultracold Rydberg
gases has been investigated. Considering the achievements presented in this thesis
together with other advances in the field of Rydberg physics, I see three new research
directions beginning to emerge:
Rydberg nonlinear optics
The mapping of photons on matter excitations in an interacting gas, as demonstrated
in this thesis, allows to realize strong effective photon-photon interactions and sets
the basis for the new field of Rydberg nonlinear optics. Our experiments, in which
we have investigated the nonlinear optical response of the atomic gas as well as the
correlations between the dark-state polaritons [Hof13b], together with other experi-
ments performed in the past two years [Dud12b, Pey12, Max13] mark first steps in
this emerging field. Since the photon-photon interactions are mediated by the Rydberg
interactions, this allows us to realize photonic interactions with repulsive or attractive,
dissipative or elastic and even non-local character [Sev11, Pri13]. These interactions
which are strong on the level of individual photons open up new possibilities to de-
terministically control and manipulate single photons [Pri13]. This paves the way for
novel applications in quantum information science, such as the implementation of pho-
tonic quantum gates for quantum computing [Gor11, Fri05, Sha11] or deterministic
single photon sources for quantum communication [Dud12b, Pey12]. The unique abil-
ity of our experiment to access both degrees of freedom might provide new insight
into this strongly coupled light-matter system, that combined with new theoretical
models, might ultimately form the basis for new technologies. So far, however, a full
theoretical description of our experiments is still missing and a full quantized the-
ory including strong interactions remains an ongoing challenge. Moreover, the strong
effective photon-photon interactions might allow to study new phenomena involving
many-body states of light [Car13]. Strongly correlated streams of photons, produced
for example using the photon blockade in Rydberg gases, can be regarded as quantum
phases of light and have led to theoretical investigations of photonic superfluids [Chi99],
Tonks-Girardeau gases of photons [Cha08] or Bose glasses of light [Ros07]. Compared
to particles like atoms and electrons, the composite nature of the interacting photons
inherently makes this system an open quantum system with new properties [Car13].
This results in a variety of new phenomena like non-equilibrium phase transitions which
would be interesting to study in our experiment.
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Investigation of many-body Rydberg states on the level of single particles
So far, studies of Rydberg ensembles have been mainly restricted to cloud average prop-
erties. This is now changing with first imaging techniques being demonstrated [Sch11,
Sch12, McQ13, Loc13]. These techniques, including the novel imaging technique pre-
sented in this thesis [Gün12, Gün13], open the way for investigations of many-body
Rydberg states on the level of single particles. On the one hand, this will give new
insights into effects like the Rydberg blockade, interaction-driven dynamics in Rydberg
gases [Amt07] or the formation of Rydberg aggregates [Sch13b]. On the other hand,
it might allow to investigate so far unexplored phenomena like quantum crystals of
Rydberg atoms [Poh10, Bij11]. For instance the ground state of Rydberg atoms under
continuous laser driving is expected to show a quantum phase transition which belongs
to a novel universality class [Wei08, Sch10a]. The access to the microscopic degrees of
freedom of the Rydberg gas might allow to investigate the phase diagram of this system.
Additionally, by mapping these many-body states onto the light field new non-classical
light states like trains of single photons might be created [Poh10].
Quantum simulation with Rydberg atoms
Rydberg atoms with their strong dipolar interactions are ideal candidates to study
dipolar transport phenomena. Dipolar energy transport plays an important role in
diverse fields ranging from chemical reactions over exciton transport in organic semi-
conductors [Naj10] to photosynthetic light-harvesting complexes [Col13]. Due to their
inherent complexity, these systems are hard to control and their understanding is an
ongoing challenge. The experiments presented in Ch. 6 demonstrate first direct obser-
vations of dipolar transport in Rydberg gases [Gün13] and represent one of the first
steps towards quantum simulation with Rydberg atoms. Rydberg gases provide an ideal
platform for benchmarking current theories used to explain dipolar energy transport
in the aforementioned, complex systems. In addition, studies of energy transport in
Rydberg gases might help to elucidate open questions like the role of entanglement or
effects of the competition between mechanical and excitonic transport in real physical
systems [Col13]. Furthermore, Rydberg atoms have been proposed as a candidate for
the implementation of a universal quantum simulator [Wei10, Mül12]. Such a device
might allow to simulate spin models with many-particle interactions which are impor-
tant in theoretical models like e.g. lattice gauge theories. In addition, the combination
of Rydberg atoms with optical lattices might allow to emulate condensed matter phe-
nomena like electron-phonon interactions [Hag12]. The addition of the light field which
introduce a controlled environment will offer new degrees of freedom to control dissi-
pation in the system, allowing for the simulation of open quantum systems. Needless
to say, the future is bright!
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